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Most higher plants cannot withstand severe water loss, except for a small group of angiosperms 
called resurrection plants. They can survive severe water loss without the loss of viability by 
employing mechanisms that aid them in desiccation tolerance. Desiccation tolerance in 
resurrection plants is a complex and multifaceted phenomenon and allows the plant to 
implement various strategies for survival. 
The focus of this study was a label-free proteomic analysis of Xerophyta schlechteri, a 
monocotyledonous and poikilochlorophyllous resurrection plant, in response to desiccation. 
The study investigated some of the physiological, morphological and biochemical changes of 
X. schlechteri leaf tissue in response to dehydration followed by proteomic analyses using a 
spectral counting approach. The differentially expressed proteins were identified and 
quantified and then subjected to gene ontological analyses to identify relevant biological 
processes involved in desiccation tolerance. The proteomic data was finally correlated to and 
validated using metabolomic analyses. 
X. schlechteri was subjected to a controlled dehydration stress treatment, in which changes in 
the relative water content (RWC) of leaf tissues, the associated changes in processes outlined 
above and further expanded on below, were determined. Three physiological stages were 
tentatively identified, namely, the early response to drying (ERD) which represents ~ 80 - 70% 
RWC (1.61 gH2O g ̄ ˡ dwt -1.5 gH2O g ̄ ˡ dwt), a mid-response to drying (MRD) represented by 
~ 60 - 40% RWC (1.5 gH2O g ̄ ˡ dwt -1.0 gH2O g ̄ ˡ dwt) and a late response to drying (LRD), 
represented by ~ 40 - 10% RWC (1.0 gH2O g ̄ l  dwt - 0.5 gH2O g ̄ l  dwt). Morphological changes 
in the late stages of drying were marked by loss of green chlorophyll, increased purple 
anthocyanin production and leaf folding along the midrib with the abaxial surface exposed to 
light. Chlorophyll content analyses showed a significant decrease in chlorophyll content in the 
dehydrated leaf tissue as compared to the fully hydrated state. Biochemical assays to measure 
the activity of enzymatic antioxidants, namely, ascorbate peroxidase (APX), catalase (CAT), 
glutathione reductase (GR) and superoxide dismutase (SOD) were done at selected RWC 
points. There was a significant increase in antioxidant enzyme activity for APX, CAT, GR and 




The label-free proteomics approach utilized, identified a total of 3125 unique proteins in the X. 
schlechteri leaf tissue across the dehydration treatment of which a combined 517 proteins were 
significantly differentially expressed in response to drying. Amongst the differentially 
expressed proteins, 253 proteins were upregulated, and 264 proteins were downregulated. This 
was followed by functional analyses and classification of gene ontologies using bioinformatics 
tools such as Blast2GO, MapMan and KEGG. This allowed the identification of certain 
biological processes and pathways involved in the X. schlechteri desiccation response. Key 
biological processes and molecular processes were differentially expressed across the drying 
stages, these included photosynthesis, cellular respiration and antioxidant activity, 
respectively.  
The proteomic analysis was complemented and validated using metabolomics approaches 
based on GC MS/MS and LC/MS. The abundance of specific sugars, sugar alcohols, fatty 
acids, organic acids, phytohormones and amino acids of X. schlechteri during desiccation were 
investigated. Sugars such as raffinose and sucrose are known to play a protective role in 
desiccation and were found to be abundant in MRD and LRD leaf tissue while, L-histidine, an 
amino acid which plays a critical role in plant growth, was found to be more abundant in LRD 
tissue as compared to MRD. The phytohormone abscisic acid, invoked in desiccation tolerance 
was found to be abundant at LRD and less abundant at ERD. The metabolomic data suggested 
that the regulation of metabolites was towards reducing possible toxic metabolites while 
increasing the expression of metabolites that help and protect plant cell integrity from the 
negative effects of desiccation. 
 
The use of a label-free proteomics approach complemented with metabolomics allowed the 
identification and validation of biological processes and pathways potentially involved in 
establishing desiccation tolerance in X. schlechteri. As far as we are aware, this is the first 














Plants have to withstand unfavourable environmental conditions during their life cycle because 
of their sessile nature. These adverse environmental conditions affect plant growth, yield and 
long-term survival. Drought is an important abiotic stress factor for plants, especially with 
respect to crop plants as it directly impacts agricultural productivity and food security (UNDP, 
2015). The increased prevalence of drought globally is also exacerbated by climate change 
(Voss-Fels et al., 2019). 
Drought induces drastic physiological, morphological, biochemical and cellular changes in 
plants in order to survive the stress. Though these changes occur at both the level of the shoot 
and root, the severity and duration of the stress endured is dependent on the plant species and 
the respective eco-geography (Farooq et al., 2009 a). There are three general overlapping 
adaptative mechanisms used by most plants in response to the severity of the water loss, namely 
‘avoidance’, ‘tolerance’ and ‘escape or recovery’ (Laxa et al., 2019). According to those 
authors, avoidance is triggered at ~70 to 60% relative water content (RWC) where plant 
protection and adaption responses are activated to limit photosynthesis and reduce the 
generation of reactive oxygen species (ROS). Furthermore, water loss below 60% RWC results 
in activation of tolerance mechanisms which centre on biochemical changes that include osmo-
protection, attenuation of metabolism with respect to reduced photosynthesis and activation of 
antioxidant systems. Most plants can withstand the loss of water to a certain extent, however, 
if water loss exceeds 40% RWC, it becomes detrimental to the plant and if this continues for 
an extended period, the cellular damage becomes irreversible and the plant eventually dies 
(Sharma and Zheng, et al., 2019). Plants that are very sensitive to drought will activate escape 
mechanisms whereby flowering and seed production is initiated before death.  
 
Resurrection plants 
There are, however, some species that do tolerate dehydration below 40% RWC, and indeed 
these species can tolerate loss of up to 95% of subcellular water and recover full metabolic 
activity within hours of rehydration (Gaff, 1977). This defines a category of plants that are 
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desiccation tolerant. Among angiosperms, this is a rare phenomenon, with only 135 species 
currently being reported to have vegetative desiccation tolerance (Gaff and Oliver, 2013). 
Tracheophytes with this ability are collectively called resurrection plants due to their ability to 
revive from a dead-like state. Resurrection plants are phylogenetically diverse, exhibit 
contrasting anatomy, drying and rehydration kinetics, but typically co-occur in specific habitat 
types in which there are frequent periods of extended drought. Over 90% of desiccation tolerant 
vascular plants inhabit rocky outcrops or inselbergs in Africa, Asia, and South America 
(Porembski and Barthlott, 2000). These habitats are characterized by shallow and nutrient poor 
soils, intense solar radiation and heat, sporadic water availability, and low relative humidity 
(Porembski and Barthlott, 2000; Porembski, 2007). 
It has been proposed by Bewley (1979) that for plant tissue to survive severe water loss, three 
criteria should be met. Firstly, damage to tissue should be limited and it should be at a 
repairable level. Secondly, that the plant should be able to maintain its physiological integrity 
in the dried state. Lastly, the plant must be able to initiate repair and restoration of metabolism 
and growth upon rehydration in tissues affected by desiccation. All these criteria are variously 
met in resurrection plants and several comprehensive reviews on the mechanism, and their 
variations among species exist (Vicré et al., 2004; Farrant et al., 2007; Moore et al., 2009; 
Dinakar et al., 2012; Gechev et al., 2012; Dinakar and Bartels, 2013; Zhang and Bartels, 2018; 
Oliver et al., 2020). Some important features are outlined below.    
 
The strategies employed by resurrection plants to overcome desiccation - 
Morphological changes 
Noticeable morphological changes occur among the different resurrection plant species in 
response to desiccation and are an important part of the adaption strategy to survive desiccation 
(Gaff, 1989; Scott, 2000; Farrant et al., 2003; Vander Willigen et al., 2003). Curling or 
folding of leaf blades is a common and more observable response upon dehydration. The C3 
monocot species Xerophyta humilis and Xerophyta schlechteri fold leaves in half along the 
midrib exposing only the abaxial surfaces to direct sunlight, thus reducing light absorption by 
the leaf while in the desiccated state (Hallam and Luff, 1980; Sherwin and Farrant, 1998; 
Radermacher et al., 2019). Similarly, the leaves of the dicot Craterostigma species curl inwards 
upon desiccation becoming tightly folded with only the abaxial surfaces of the older leaves 
exposed to sunlight (Sherwin and Farrant, 1998; Farrant, 2000; Vicré, 2001). The folding of 
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the leaves during drying allows the inner surface to be shaded from light and the surfaces that 
are exposed to light accumulate high levels of anthocyanins (Farrant, 2000; Radermacher et 
al., 2019; Oliver et al., 2020). The anthocyanins reflect photosynthetically active light and act 
as antioxidants (Larson, 1988; Smirnoff, 1993). The leaf folding and curling associated with 
dehydration also decrease the surface area which minimises the impact of UV radiation and 
consequent damage by oxidation stress (Gaff, 1989; Scott, 2000; Farrant et al., 2003; Vander 
Willigen et al., 2003; Bartels and Hussain, 2011). 
 
 
Photosynthetic capacity and combating oxidative damage in resurrection plants 
 
Water loss results in the disruption of photosynthesis leading to excessive generation of ROS 
which further damages the cell (Sharma et al., 2012). Resurrection plants can be divided into 
two categories with regards to the manner in which photosynthesis is protected, namely, 
homoiochlorophyllous and poikilochlorophyllous plants (Farrant et al., 2007; Figure 1.2, Laxa 
et al., 2019). During drying, homoiochlorophyllous species retain most or all the chlorophyll 
and preservation of their photosynthetic apparatus, this allowing rapid recovery of this 
metabolic processes upon rehydration. This contrasts with poikilochlorophyllous species that 
dismantles the photosynthetic apparatus and loses most of their chlorophyll during dehydration. 
Upon re-watering, poikilochlorophyllous plants resume photosynthesis slowly as all their 





Figure 1.1: Representation of the characteristic features of drought (drought sensitive and drought 
tolerant) and desiccation (homoiochlorophyllous and poikilochlorophyllous) plants. The figure 
illustrates some of the properties related to physiological, metabolism, antioxidant and recovery that are 
associated with plants during drought. Green arrows represent the status that is preserved following 
drought. Red arrows represent reactive oxygen species (ROS/Reactive nitrogen species (RNS) 
prevalence. The strength of stressed measures is indicated by the font size. Abbreviations: GSH, 
glutathione. SOD, superoxide dismutase; ASC, ascorbate; CAT, catalase; APX, ascorbate peroxidase; 
Suc/Fru, sucrose to fructose ratio; ROS, reactive oxygen species; RNS, reactive nitrogen species; HSP, 
heat shock protein; LEA, late embryogenesis abundant protein; ELIP, early light-inducible protein. 
Image (Laxa et al., 2019). 
 
Antioxidant protective mechanisms 
ROS comprises of superoxide anion radical (O2·–), singlet oxygen (
1O2), hydroxyl radical (OH) 
and perhydroxyl radical (HO2) which, in excessive amounts, can cause damage to proteins, 
DNA and lipids affecting normal cellular functioning in plants (Foyer and Noctor, 2005). 
Under favourable conditions, ROS are continuously generated at basal levels in plants and are 
limited to the different cellular compartments such as the chloroplast, mitochondria and 
peroxisomes (Das and Roychoudhury, 2014). ROS do not cause damage during stress-free 
periods as there is a balance between ROS generation and ROS scavenging (Das and 
Roychoudhury, 2014). ROS produced in plants in response to abiotic and biotic stresses is part 
of the activation or modulation of signalling pathways involved in stress protection or pathogen 
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resistance. Severe water loss induces oxidative stress in plants by the generation of ROS and 
plants that can effectively mitigate the effects of ROS, are often drought tolerant (Farooq et al., 
2009; Foyer and Noctor 2003). The production of antioxidant enzymes such as ascorbate 
peroxidase (APX), superoxide dismutase (SOD), catalase (CAT) and glutathione reductase 
(GR) lower the levels of ROS and help avoid oxidative stress. Antioxidant protective 
mechanisms are important in resurrection plants in both establishing desiccation tolerance and 
subsequent recovery during rehydration (Kranner et al., 2002; Challabathula et al., 2016). It 
has also been reported that certain antioxidant systems are activated specifically in the 
vegetative tissue of resurrection plants. These include seed-specific 1-Cys-Peroxiredoxin (1-
Cys Prx) (Mowla et al., 2002), 2-Cys Prx (Govender et al., 2006), α-tocopherol (Kranner et 
al., 2002) and a wide variety of polyphenols (Smirnoff, 1993; Moore et al., 2005; Farrant et 
al., 2007).  
 
Protective properties of proteins 
 
Protein synthesis ceases at mild levels of drought in desiccation sensitive plant species; while 
it continues until leaves are air-dry in desiccation tolerant species (Bartels et al., 1990; Gaff et 
al., 1997). Drought stress results in the transcription of various genes which produces proteins 
implicated in adaption or tolerance (Kavar et al., 2007). During desiccation, there is a change 
in protein expression, protein profile and turnover; all of which are essential; as it redirects 
protein synthesis to the production of proteins involved in protection (Blomstedt et al., 1998). 
These stress protection proteins include late embryogenesis abundant (LEA) proteins (Feki and 
Brini, 2016), heat shock proteins (HSPs) (Griffiths et al., 2014), glycine-rich proteins and 
antioxidant enzymes (Shivaraj et al., 2018) among others.  
There is a significant accumulation and response by LEA proteins to water loss (Rodriguez et 
al., 2010). LEA proteins have been classified into several groups based on their amino acid 
sequence similarities and conserved motifs. LEA proteins are regulated by ABA-dependant 
and ABA-independent singling pathways (Vicré et al., 2004; Farrant et al., 2012). These 
proteins are also thought to act as osmo-protectants in the formation of the cytoplasmic glassy 
state formation (Vicré et al., 2004; Farrant et al., 2012). Previous studies suggested that the 
protective activity which prevents damage of the various subcellular components during water 
loss could be attributed to the structural plasticity of LEAs (Artur et al., 2019). 
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 HSPs are a class of chaperones preventing aggregation of unfolded proteins and help maintain 
protein structure during denaturation conditions, such as desiccation (Jacob et al., 2017). They 
are essential in many cellular processes such as protein synthesis and maturation induced by 
drought (Coca et al., 1994). 
Previous studies in Xerophyta species found that upon desiccation there was a decrease in 
photosynthesis which corresponded with the decrease in several chloroplast proteins involved 
in photosynthetic activity (Collett, 2003; Dinakar and Bartels, 2013). These proteins include 
psbP, psbO (components of PSII complex), HCF136 which is a stability factor in PSII, Lhcb2 
which is a component of the light-harvesting and the enzyme transketolase of the Calvin cycle 
(Collett, 2003; Dinakar and Bartels, 2013).  
Studies conducted in various resurrection plants have revealed that other types of protection 
proteins are also induced upon dehydration and are present throughout the desiccation stress 
(Ingle et al., 2007). The protection proteins are involved in a range of functions such as 
accumulation of sucrose (Ingram and Bartels,1996; Oliver et al., 2010; Farrant et al., 2007), 
scavenging ROS (Farrant et al., 2007), cell wall protein remodelling (Shivaraj et al., 2018) and 




Some carbohydrate metabolites drastically change in abundance during dehydration and play 
a vital role in cellular protection in resurrection plants. Previous studies have shown that during 
drying there is an accumulation of trehalose, sucrose and short-chain oligosaccharides such as 
raffinose (Bianchi et al., 1991; Drennan et al., 1993; Norwood et al., 2000; Peters et al., 2007). 
In resurrection plants, sucrose was found to be the major carbohydrate involved in protective 
functions against dehydration (Bianchi et al., 1991; Ghasempour et al., 1998; Norwood et al., 
2000; Scott, 2000; Whittaker et al., 2001; Cooper and Farrant, 2002; Zivkovic et al., 2005). 
Comparative metabolic analyses between desiccation sensitive Eragrostis species and 
desiccation tolerant Eragrostis nindensis showed that Eragrostis nindensis accumulated 
sucrose in the desiccated leaves while there was no accumulation in the desiccation sensitive 
Eragrostis species (Illing et al., 2005). The functions of sugars during dehydration include 
stabilisation of proteins and osmotic adjustments (Crowe et al., 1998). Sugars such as sucrose 
and trehalose prevent protein denaturation and membrane fusions (Schiller et al., 1997; 
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Ramanjulu and Bartels 2002). They are also believed to play a role in signalling and in 
subcellular vitrification (Farrant et al., 2017; Oliver et al., 2020) 
 
I now focus on the resurrection plant Xerophyta schlechteri which has become a model plant 
to study the mechanism of desiccation tolerance (Mundree and Farrant, 2002; Farrant et al., 
2015; Costa et al., 2017). As a side note, the populations upon which these authors worked 
were originally called Xerophyta viscosa (Coetzee, 1974). This species has now been classified 
as Xerophyta schlechteri by Behnke et al. (2013). 
 
Xerophyta schlechteri  
Xerophyta a plant genus within the Velloziaceae family is composed of 45 species of which 10 
are known to be desiccation tolerant and are native to Africa, the Arabian Peninsula and 
Madagascar (Gaff and Oliver, 2013). X. schlechteri (Figure 1.3) is a poikilochlorophyllous 
monocot species distributed mainly in regions of Southern Africa (Farrant et al., 2007; Farrant 
et al., 2015). X. schlechteri is phylogenetically related to the Poaceae family, which include 
important grass crops such as maize (Zea mays) and therefore elucidating the mechanism of 
desiccation tolerance in X. schlechteri allows the potential for improvement of drought 
tolerance in cereal crops (Farrant et al., 2015; Costa et al., 2017). 
 
Figure 1.2: Matured fully hydrated X. schlechteri plant (in this study). 
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During desiccation there are morphological and anatomical changes that facilitate leaf folding, 
controlled regulation of photosynthesis (Sherwin and Farrant, 1998; Radermacher et al., 2019) 
and a plethora of transcriptomic and metabolic changes that facilitate tolerance of extreme 
water loss in this species (Farrant et al., 2015; Costa et al., 2017; Radermacher et al., 2019) 
Similar to other resurrection plants, X. schlechteri also activates antioxidant systems (Illing et 
al., 2005; Farrant et al., 2007) and produces HSPs and LEAs to protect tissue against 
dehydration-induced cellular damage (Farrant et al., 2015; Artur et al., 2019). 
 
A systems biology approach to elucidate the mechanisms involved in desiccation 
tolerance 
 
Desiccation tolerance is controlled by many genes, proteins and the metabolite profile. A 
systems biology approach, which uses a combination of genomics, transcriptomics, proteomics 
and metabolomics, is an extremely useful and informative approach to understand the 
mechanisms involved in desiccation tolerance. The main advantage of this approach is that it 
also allows the identification of important biological, molecular and cellular processes which 
are associated with and crucial for the establishment of desiccation tolerance.  
 
Transcriptomic analyses of desiccation tolerance 
 
The genome and transcriptome of X. schlechteri was recently sequenced (Costa et al., 2017), 
which allowed for a broader investigation into the mechanisms involved in desiccation 
tolerance. Desiccation sensitive plants experience metabolic stress when there is severe water 
loss and cessation of carbon gain. Resurrection plants, however, redirect their metabolism 
towards protection of their subcellular machinery and ultimately quiescence (Gaff, 1993; 
Farrant et al., 2017). Costa et al. (2017) showed that the metabolic redirect in X. schlechteri 
upon desiccation was twofold based on differentially expressed genes. The two major changes 
in gene expression occurred at early response (between 60% RWC to 40% RWC) and late 
response (between 40% to 20% RWC). There is a higher number of differentially expressed 
genes being expressed at 40% RWC compared to other hydrated states. The study further 
showed that at 40% RWC, transcripts of genes related to chlorophyll degradation were 
significantly accumulated. Significantly, transcripts related to chlorophyll synthesis, thylakoid 
and chloroplast formation were also observed at 40% RWC. This reflects the 
poikilochloropyllous strategy adopted by X. schlechteri. The authors found that there was an 
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increase in accumulation of transcripts involved in protection, translation, protein folding and 
gene expression. The leaves were also found to be under control by both ABA-dependant and 
ABA-independent processes. A late response to drying showed accumulation of unfolded 
protein response (UPR) pathway (Reis et al., 2011) in the endoplasmic reticulum (ER). This 
indicates that the UPR pathway is initiated during severe stress and activates the ER-located 
molecular chaperone binding protein. This prevents ER stress signalling, senescence and 
ultimately preventing activation of the UPR cell death response (Costa et al., 2017). 
Furthermore, transcripts promoting apoptosis decreased in abundance during dehydration and 
transcripts associated with autophagy increased. This supports the hypothesis that autophagy 
is a pro-survival strategy employed by resurrection plants (Williams et al., 2015; Costa et al., 
2017). 
Previous studies have shown that a common set of survival genes are recruited to confer 
desiccation tolerance to resurrection plants and seeds (Costa et al., 2017; van Buren et al., 
2018). The genes encoding for these proteins such as LEA proteins, exert a defence function, 
while others control carbohydrate metabolism resulting in raffinose and sucrose accumulation 
(Griffiths, et al., 2016). The expression levels of protective genes probably contribute to the 
differences between desiccation tolerant and desiccation sensitive plants and ultimately 
survival and death of plants during drought (Illing et al., 2005). The number of LEA genes 
present in desiccation tolerant and desiccation sensitive species are found to be similar, 
however more LEA genes are responsive to dehydration and the expression levels are seen to 
be higher in desiccation tolerant species (Giarola et al., 2017). 
 
Proteomic analysis of desiccation tolerance 
 
The systematic analysis of the proteome is termed proteomics and is the active, epigenetic 
complement of the functional genome (Phizicky et al., 2003). Proteomics allows the global 
analysis of proteins within various tissues and under different physiological states. Proteomics 
has become a crucial field of functional genomics for analysing large-scale identification of 
whole or specific proteins (Benkeblia, 2011). Plant proteome analysis has improved due to 
high-throughput techniques built on high-quality sample preparation, protein isolation, mass 
spectrometry sensitivity and robust protein searching algorithms (Benkeblia, 2011). This is 
further complemented by genome sequencing and annotation (Agrawal and Rakwal, 2006). 
Abiotic stress conditions such as drought, induces alterations in gene expression resulting in 
sequential effects in metabolic processes and changes in cellular protein abundance (Kosová et 
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al., 2011). Ultimately, the measurements of these changes in protein abundance and post-
translational modifications elucidate key proteins and biological processes that can be used for 
further investigations (Vanderschuren et al., 2013). Adapting this methodology for the 
examination of protein profile changes in response to drought allows for an understanding of 
the molecular mechanisms and drought tolerant phenotypes involved in stress tolerance or 
adaption (Nanjo et al., 2011). 
The high conservation of protein sequences sets it apart from transcriptomic based techniques 
(Carpentier et al., 2008). In addition, although most biological processes within the plant cell 
are carried out by translated proteins rather than mRNA transcripts (with the exception of 
certain non-coding RNAs), the expressions of the transcripts do not necessarily result in protein 
expression (Carpentier et al., 2008). 
The whole proteome of resurrection plants namely Boea hygrometrica (Jiang et al., 2007), 
Sporobolus stapfianus (Oliver et al., 2007) and fern allies such as Selaginella tamariscina 
(Wang et al., 2010) were previously investigated. Proteomic studies were also conducted on X. 
viscosa leaf tissue under dehydration stress and many proteins were implicated in different 
pathways of protective mechanisms as well as ROS scavenging, cellular, glycolytic and 
signalling pathways (Ingle et al., 2007). Furthermore, proteomic studies were also done to 
investigate the X. viscosa nuclear proteome using two-dimensional gel electrophoresis (2-DE) 
(Abdalla et al., 2010) and isobaric tags for relative and absolute quantification (iTRAQ) 
technology with two-dimensional liquid chromatography (2-DLC) approaches (Abdalla and 
Rafudeen, 2012). To date, there has been no published proteomic study on X. schlechteri with 
respect to desiccation.  
 
Quantitative proteomics - An investigation of proteins using label-free quantification 
The quantification of the proteome can be separated into two major approaches, namely, the 
use of labelling techniques and label-free techniques. There are a few common labelling 
methods such as ‘isobaric tags for relative or absolute quantification’ (iTRAQ) that involves 
the modification of peptides with isobaric tags (Ross et al., 2004) or labelling of proteins using 
‘isotope-coded affinity tags’ (ICAT) (Gygi et al., 1999). Proteins can also be metabolically 
labelled by including a specific stable isotope labelling by amino acids in cell culture (SILAC) 
and which relies on the growing cell cultures to incorporate the isotopic amino acid in all its 
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proteins (Ong et al., 2002). Although reliable, the labelling techniques require expensive tags 
and isotope labels, specialised licenced software to analyse the data, there is limited number of 
samples to label in a single experiment. Furthermore, some samples and proteins are not 
amenable to certain labelling techniques (Neilson et al., 2011).  
Label-free quantification (LFQ) utilises several techniques for the quantification and 
identification of differentially expressed proteins in complex biological samples. LFQ can be 
divided into two distinct strategies (Figure 1.4) namely; measurements of the peptide ion 
chromatogram peak intensity (Mortensen, 2009) and spectral counting which uses the number 
of peptides assigned to a protein in MS/MS stage as a measurement of relative protein 
abundance (Neilson et al., 2011). The MS/MS stage is carried out by tandem mass spectrometry 
which separates peptide ions by molecular weight, allows fragmentation of these ions and 
subsequent protein identification based on fragment analyses (van Agthoven et al., 2019).  
LFQ techniques have been mainly applied to study biotic stress responses (Larrainzar et al., 
2007; Lee et al., 2009; Poliakov et al., 2011; Elmore et al., 2012; Rodrigues et al., 2012), and 
there are only a few reports on using such techniques in abiotic stresses, and to a lesser extent 
for crop plants such as maize (Gammulla et al., 2011). 
 
 
Figure 1.3: Label-free quantitation strategies are based on two types of measurements. Spectral 
counting and signal intensity. Spectral counting technique counts the number of tandem MS (MS/MS) 
spectra identified peptides then integrates the results for all the measured peptides of quantified proteins, 
such as PAI (protein abundance index) or APEX (absolute protein abundance). The signal intensity 
technique measures the relative abundance of the same peptide in various samples and is estimated by 





For the purpose of this study, spectral counting was used and will be discussed further. The 
general concept of spectral counting is based on the observation that more abundant peptides 
will be selected for fragmentation producing a higher abundance of MS/MS spectra and thus 
is proportional to the protein amount (Lui et al., 2004). Spectral counting has been reported not 
to be particularly sensitive to smaller changes of protein abundance (Hendrickson et al., 2006; 
Trudgian et al., 2011; Ahrné et al., 2013). It was also reported that spectral counting techniques 
suffer from saturation effects when there are higher protein concentrations and more complex 
protein samples (Ishihama et al., 2008; Grossmann et al., 2010; Ahrné et al., 2013). High 
abundance proteins reach maximum sequence coverage while low abundance proteins are 
under sampled. This, however, can be resolved by the optimization of dynamic exclusion 
settings in data dependant analysis increasing the quantification of high and low abundant 
proteins and increasing the reproducibility of spectral counting (Martins-de-Souza, 2014). 
Although these are a few of the drawbacks, spectral counting method is a valuable tool for the 
rapid screening of differences between samples resulting in a broad estimation of the 





Metabolomics is a large-scale analysis of small molecules known as metabolites found within 
the cell, tissues or organisms (Jorge et al., 2016). Metabolites are the end products of cellular 
processes and their occurrence and abundance reflect the adaptation of the biological system 
to the environmental changes. Metabolomics characterizes the small molecule complement and 
interrogates the metabolic networks in samples under different conditions. The metabolome 
reveals the metabolic state of a given cell, tissue or organism at a particular point in time. It is 
a complementary tool for understanding proteomic data by revealing biochemical pathways of 
interest (Kaddurah-Daouk and Krishnan, 2009) and has contribute to the study of desiccation 
tolerance in plants (Shulaev et al., 2008). Several such studies have been conducted on various 
resurrection plants (Oliver et al., 2011a; Moyankova et al., 2014; Suguiyama et al., 2014; 
Tshabuse et al., 2018; Radermacher et al., 2019). There are various metabolomic techniques 
used to track different compounds involved in stress responses. Gas chromatography-mass 
spectrometry (GC-MS) and Liquid chromatography-mass spectrometry (LC-MS) are 
commonly used for plant metabolite profiling (Fernie, 2007). These methods allow the 
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profiling of multiple compounds that belongs to different chemical classes such as amino acids, 
sugars, sugar alcohols and organic acids.  
 
 
Figure 1.4: Elucidating desiccation tolerance and desiccation sensitivity in plant species studies using 
‘Omics’ techniques, with the aim of identifying proteins and metabolites to complement transcriptomic 
and genomic data. This approach allows identification of target genes and stress tolerance mechanisms 
for generating drought tolerant crops (Adapted from Dinakar and Bartels, 2013). 
 
The integration of data from proteomic and metabolomic studies allows for the decoding of 
important mechanisms such as desiccation tolerance in resurrection plants (Figure 1.5). The 
information on key biochemical pathways and biological processes associated with desiccation 
tolerance can be used to improve drought tolerance in crop plants such as maize. This would 
suggest that mature resurrection plants are prepared for the onset of dehydration stress, albeit 
it is not entirely true of the seedling stage (Gechev et al., 2013). While dehydration rates in 
resurrection plants vary, they generally exhibit initial slow drying by accumulation of 
osmotically active substances affording time for synthesis of further protective metabolites and 
chemical classes such as amino acids, sugars, sugar alcohols and organic acids.  
 
Comparison                                       Dessication tolerant vs Dessication sensitive species 
 
 Input 
Omics                                                 Proteomics                                     Metabolomics   
                            
                  Transcription/Genomic Data                                
 
  Output                                Desiccation induced proteins/metabolites    
                 Novel proteins/metabolites     
 
 
Intergration Data                                                          Gene discovery 
 
                                                                                    Functional characterization 
                                                        
Transgenic Plants - trials based studies selecting for drought tolerance   
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proteins vital for the acquisition of desiccation tolerance (Yobi et al., 2012; Radermacher et 
al., 2019). In addition, resurrection plants accumulate metabolites that tend to extend protection 
during severe water loss and further reduce concentrations of metabolites that become toxic at 
higher concentrations (Hoekstra et al., 2001; Dace, 2014).  
The nature of many primary metabolites accumulated in resurrection plants contributes 
significantly to their ultimate survival, and the induction of metabolic quiescence on reaching 
the air-dry state. Previous studies have shown that upon drying, desiccation tolerant plants 
accumulate sugars such as sucrose and raffinose, which together with, LEA proteins for 
example, are thought to play a role in cytoplasmic vitrification in desiccated tissues (Vertucci 
and Farrant, 1995; Walters et al., 2002; Hoekstra, 2005; Berjak and Pammenter, 2007). 
Furthermore, recent studies have invoked the role of Natural Deep Eutectic Solvents, which 
are comprised of combinations of sugars, organic acids and amino acids (Choi et al., 2011; Dai 
et al., 2013) in subcellular stabilization of the desiccated state (Oliver et al., 2020). Studies 
have also shown crosstalk between sugars and hormones in regulating defence (Nishiyama, 
2013). Hormones are also implicated in desiccation tolerance, this would include abscisic acid 
(ABA), reported as a central hormone that is involved in drought tolerance and the initiation 
of the ABA dependant pathway (Frank, 2000; Ullah et al., 2018). In their study Ullah et al., 
(2018) used metabolomics to validate proteomics and transcriptomic data.  
Of the ‘omics’, the proteome is most closely related to the metabolome due to the fact that 
many metabolites that are directly regulated by enzymes/proteins involved in their metabolic 
pathways (Chu et al., 2019). In fact, proteomic data mirrors modulations in the metabolomic 
data (Carrari et al., 2006). Bioinformatics is a further essential component to integrate and 
manage the proteomic and metabolomic data and ultimately the link between the proteins and 
metabolic pathways. 
 
The aim and objectives of this study 
 
The aim of this study was twofold, firstly to use a label-free proteomic approach to investigate 
the proteome of X. schlechteri during desiccation in order to identify key biological, molecular 
and cellular processes involved in stress tolerance in this species. Secondly, to complement and 
validate the proteomic data using a metabolomics approach. 
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The specific objectives of this study (Figure 1.6) were firstly, to investigate the physiological 
and biochemical responses of X. schlechteri across selected drying stages. The changes in water 
content was monitored using relative water content (RWC) and absolute water content (AWC) 
measurements. The photosynthetic potential was monitored by chlorophyll content 
measurements. Biochemical analysis was conducted to observe the response of X. schlechteri 
across the drying stages and was achieved by enzyme assays for ascorbate peroxidase (APX), 
superoxide dismutase (SOD), catalase (CAT) and glutathione reductase (GR). 
 
 
Figure 1.5: Schematic representation of the workflow employed in this study. 
 
 
The second objective was to conduct an in-depth proteomic analysis of leaf tissues of X. 
schlechteri at various stages of dehydration. This was achieved using label-free quantification 
based on spectral counting and appropriate database searching and allowed for the 
quantification and identification of differentially expressed total proteins across the drying 
stages. Bioinformatics tools were used to achieve a comprehensive and visual representation 
of the responsive protein pathways to the different drying stages. 
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The final objective of this study was to confirm a subset of metabolites involved in X. 
schlechteri desiccation tolerance across the drying stages and thereby correlate and validate the 





























Analysis of the physiology, morphology and biochemical activity of Xerophyta schlechteri 




Desiccation sensitive plants have multiple ways of retarding or regulating water loss, and 
exhibit varying levels of water loss (Taiz and Zeiger, 2006). However, when such plants are 
exposed to severe, extended droughts and severe water loss ensues, resulting in reduced rates 
of cell division, stem elongation and root proliferation, changes in leaf size as well as oxidative 
stress, among others (Avramova et al., 2015). 
 In all plants, mitochondria and chloroplasts are major sites of ROS production as a 
consequence of metabolic processes involving electron transport system (Foyer and Noctor, 
2005). Under severe water stress, disruption of the electron transport system occurs, resulting 
in excess ROS production (Farrant et al., 2007; Oliver et al., 2020). The excess production and 
accumulation of ROS is inadequately dealt with in desiccation sensitive plants which leads to 
irreversible damage of plant cells and ultimately their death (Cruz de Carvalho, 2008). The 
physiological and metabolomic changes that occur in plants during water loss depends on the 
plant species, growth stage, intensity and duration of the stress (Chaves, 2002). In crop plants 
such as maize (Zea mays), previous studies have shown that under severe and prolonged water 
loss, chlorophyll content decreases which leads to a reduced rate of photosynthesis (Castrillo 
and Calcagno, 1989; Alaei and Khabiri, 2012; Fani, 2012). Other studies have indicated that 
prolonged and severe water stress also leads to irreversible structural damage of the thylakoid 
membranes contributing to the decreased rate of photosynthesis (Cornic and Massacci, 1996; 
Farooq, 2009 b; Anjum, 2011). The degree of antioxidant activity is elevated under drought 
stress but are varied among plant species (Zhang and Kirkham, 1995) and cultivars (Bartoli et 
al., 1999). Certain maize lines have been reported to increase in antioxidant activity when it 
experiences stress (Hernández et al., 1999; Manchandia et al., 1999; Sairam et al., 2002). 
 
X. schlechteri can lose up to 95% of its total cellular water content and upon rehydration is able 
to regain its full metabolic potential (Sherwin and Farrant, 1998; Farrant et al., 2015). As 
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indicated in Chapter 1, various protection mechanisms for drying are initiated to achieve the 
least possible stress damage associated with severe cellular water deficit. Being 
poikilochlorophyllous, X. schlechteri decreases ROS production and photo-oxidative stress by 
dismantling thylakoid membranes and chlorophyll degradation during dehydration along with 
increased antioxidant activity (Sherwin and Farrant, 1998; Mundree and Farrant, 2000; Farrant 
et al., 2015). This is in line with all other resurrection plants studied (reviewed in Farrant et al., 
2007; Dinakar and Bartels, 2012; Giarola et al., 2017). Furthermore, several resurrection plants 
accumulate enzymes like 1-cys-peroxiredoxin, which until recently have been considered to be 
antioxidants specific to seeds (Mowla et al., 2002; Illing et al., 2005).  
 
The aims of this chapter 
The aim of this chapter was to investigate some of the physiological, morphological and 
biochemical changes of X. schlechteri and Maize upon drying. Both species were subjected to 
dehydration treatment and their respective relative water contents were determined. This was 
followed by chlorophyll content analysis and antioxidant enzyme assays for both plants 
species. The rationale behind this chapter was to assess and confirm changes (relative to 
previous studies on X. schlechteri) in these values relative to the RWCs sampled at various 
stages of drying in X. schlechteri and furthermore to compare these with changes occurring 
















Materials and methods 
 
Plant material and growth conditions 
X. schlechteri was collected from Buffelskloof Nature Reserve near Lydenberg (Mpumalanga 
Province, South Africa). The plants were maintained in soil under glasshouse conditions at the 
University of Cape Town (South Africa) until required for the dehydration experiment. The 
plants were then acclimated in an environmental chamber (Conviron Adaptis A350, Canada) 
where the environment was controlled at 16 hrs light, 300 μmolmˉ² sˉ¹, 25°C; 8 hrs dark, 20°C; 
50 % relative humidity. Senescent leaf tips (Radermacher et al., 2019) were removed and the 
plants were acclimated to these conditions for two weeks after which drought stress was 
applied. Five mature plants were utilized in this study. 
Maize seeds (Stowell's Evergreen sweetcorn, South Africa) were sown in pots. The plants were 
grown in a growth room (temperature 26°C, humidity 36%, 12 hrs of day and 12 hrs of night). 
Soil moisture content was monitored at a 5 cm soil depth with a soil probe (WET-2 Sensor/HH2 
Moisture Meter, Delta-T Devices, Cambridge, Great Britain). Soil moisture content was 
maintained with about 750 ml of tap water every second day. At 60 days after seed germination 
(stage V12), just before tussling the maize plants were subjected to dehydration treatments as 
described below. In total 40 plants were used for these studies. 
 
Dehydration treatments 
The five mature X. schlechetri plants that were chosen were of similar size to minimise plant 
to plant variation. Dehydration was achieved by withholding water and leaf sampling was 
conducted each day at the same time. Three leaves of the same length and size were excised 
from each replicate plant. Each leaf was split along the central vein and one half was flash 
frozen in liquid nitrogen and stored at -80°C for later use in biochemical studies. The other half 
was used to calculate the relative water content (RWC). The classic method of determination 
of plant RWC, as outlined by Barrs and Weatherley (1962) was followed with one exception. 
As the leaf tissues of X. schlechteri do not absorb water during the required overnight 
incubation, the turgid weight cannot be easily and accurately calculated. Thus in this study the 
absolute water content (AWC) was determined as outlined in Barrs and Weatherly (1962) in 
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that fresh weight (FW) of each leaf was determined immediately after it was excised and again 
after incubation at 70°C for 48 hrs for determination of dry weight (DW), using the formula 
AWC = (FW-DW)/DW and thus expressing water content as gH2O g ̄ ˡ dwt. RWC was 
determined utilising the AWC of leaves at full turgor (AWCFT ) prior to initiation of 
dehydration and expressed as follows:   
   AWC/ AWCFT  x 100.  
 
For maize 5 of the 40 plants were kept fully hydrated by frequent watering and used as the 
hydrated control. The rest of the maize plants were subjected to dehydration by with holding 
water at the V12 stage. The soil water content was measured by using the volumetric soil probe 
(WET-2 Sensor/HH2 Moisture Meter, Delta-T Devices, Cambridge, Great Britain) in order to 
assess when plant dehydration might ensue. RWC was measured as described above for X. 
schlechteri. The leaf water content was determined on each of the five plants at each sampling 
point. 
 
Chlorophyll content determination 
The chlorophyll content of both fully hydrated and fully dehydrated X. schlechteri and maize 
leaves were determined according to Porra (2002) with some modifications. Approximately 
300 mg of leaf tissues were ground to a fine powder and 5 ml of 80 % acetone was added. The 
tubes were mixed in the dark for 15 minutes and then centrifuged for 15 minutes at 4°C at 1000 
g. The supernatant was transferred to a fresh tube and kept in the dark. The tubes were mixed 
thoroughly, and the absorbance of chlorophyll was measured using a MultiSkan EX microplate 
reader (Thermo Fisher Scientific, Inc., USA). Total chlorophyll content was determined by 
using the following equation of Lichtenthaler & Wellburn (1983). 
 
[Chl a+b] = 17.76 x A 646.6 + 7.34 x A 663.6,  
where A= absorbance 
Chlorophyll content was normalized to the mass of the dry starting material. Three replicates 




Antioxidant assays  
A spectrophotometric approach was used to determine the antioxidant activity of ascorbate 
peroxidise (APX), catalase (CAT), glutathione reductase (GR) and superoxide dismutase 
(SOD). The method described in Bailly et al. (1996) was utilized for enzyme extraction and 
assessment of activity, with minor modifications. Dehydrated and hydrated leaf material of 
both plant species were ground with equal weights of insoluble polyvinylpyrrolidone (PVP) 
under liquid nitrogen. A volume of 3 ml of extraction buffer (0.1 M phosphate buffer, pH 7.8, 
2 mM DTT, 0.1 mM EDTA, 1.25 mM PEG 4000) was added to 0.25 g of finely ground sample. 
Each sample was centrifuged at 14 812 g for 15 minutes at 4°C (Beckman Coulter, South 
Africa). The samples were run through PD 10 Sephadex columns (GE Healthcare, USA), which 
were first equilibrated with three washes of 3 ml of 0.1 M phosphate buffer (pH 7.8) as per 
manufacturer’s instructions. Once the equilibration process was complete, samples were loaded 
onto these columns. The protein retained in the column was eluted with 3.5 ml of 0.1 M 
phosphate buffer (pH 7.8). The flow-through was collected and total protein quantified using 
the BCA (Bicinchoninic Acid) assay kit (Thermo Fisher Scientific, Inc., USA) method with 
BSA (Sigma, USA) as a standard. The standards were set up according to the instruction 
manual. The total protein absorbance was measured at 595 nm using the MultiSkan EX 
microplate reader (Thermo Fisher Scientific, Inc., USA) and then the analysis of the various 
antioxidant activities was conducted. 
 
Catalase (CAT, EC: 1.11.1.6) 
The measurement of CAT activity was carried out according to Claiborne (1985). CAT activity 
was measured at a wavelength of 240 nm for every second for 5 minutes. A UV plate was used 
and each well contained 50 mM phosphate buffer (pH 7.0), 37.5 mM H2O2 and 13.33 μl extract 
made up to a final volume of 200 μl with dH2O. The results were calculated as μmol H2O2 
catalysed per min per mg dry weight (mg protein. sec)-1  






Glutathione reductase (GR, EC: 1.6.4.2) 
The measurement of GR activity was carried out according to Bailly et al. (1996). The reaction 
was conducted using a microplate at 25°C. Each well contained 0.1 M phosphate buffer (pH 
7.8), 3 mM MgCl2, 10 mM oxidized glutathione (GSSG), 0.5 mM NADPH, 100 μl extract and 
made up to a (dH2O) final volume of 200 μl. Measurements were made at a wavelength of 340 
nm and were taken every minute over a period of 20 minutes. The rate of NADPH oxidation 
was observed and the activity of GR was calculated as μmol NADPH oxidised  





Superoxide Dismutase (SOD, EC: 1.15.1.1) 
SOD activity was measured according to Bailly et al. (1996) with minor modifications. The 
SOD activity was measured at 560 nm in a microplate reader with volumes of each reaction 
per well containing 0.1 M phosphate buffer (pH 7.8), 1.3 μM riboflavin, 13 mM methionine, 
63 μM nitro-blue tetrazolium (NBT), 50 μl extract  and then made up to a final volume of 300 
μl with dH2O . The results were formulated as one unit of SOD (mg protein) ̄
 ˡ
 representing 


























Results and discussion 
 
Physiological and morphological analyses 
The relative water content of leaves of X. schlechteri was measured upon drying and is shown 
in Figure 2.1 along with representative images of plants at various stages of dehydration. 
 
Figure 2.1: (A). Changes in relative water content of leaves of X. schlechteri under dehydration stress 
over a period of 11 days. Dehydration was performed on five biological replicates (n=5). (**p<0.01); 
error bars represent standard error between the technical replicates. (B). X. schlechteri representing 
hydrated (control) (~100 % relative water content, ~ 2.1 gH2O g ̄ ˡ dwt; (C).  X. schlechteri represented 
at early response to drying (~80 - 70% relative water content, ~1.61 gH2O g ̄ ˡ dwt to ~1.5 gH2O g ̄ ˡ 
dwt); (D). X. schlechteri at mid response to drying (~ 60 - 40% relative water content, ~ 1.5 gH2O g ̄ ˡ 
dwt to ~1.0 gH2O g ̄ l  dwt); (E). X. schlechteri represented at late response to drying (~ 40 - 10% relative 
water content, ~1.0 gH2O g ̄ ˡ dwt to ~ 0.5 gH2O g ̄ ˡ dwt). 
 
 
At full turgor of 100% RWC, leaves contained 2.1 gH2O g ̄ ˡ dwt and in this experiment, it took 
10 -11 days for all plants to reach an air-dry state of 10% RWC (0.5 gH2O g ̄ ˡ dwt). A previous 
study (Farrant.et al., 2015) noted that X. schlechteri follows a reverse sigmoidal pattern upon 
drying, typical of most resurrection plants, and three stages can tentatively be identified, which 
correlate with distinct shifts in metabolic activity. These are the early response to drying which 
represents ~ 80 - 70% RWC (~1.61 gH2O g ̄ l  dwt to ~1.5 gH2O g ̄ l  dwt, a mid-response to drying 
represented by ~ 60 - 40% RWC (~1.5 gH2O g ̄ ˡ dwt to ~1.0 gH2O g ̄ ˡ dwt) and a late response 
to drying, represented by ~ 40 - 10% RWC (~1.0 gH2O g ̄ ˡ dwt to ~0.5 gH2O g ̄ ˡ dwt).  
In Figure 2.1 A, the early response among all the X. schlechteri plants averaged between six to 
eight days before the decline into the mid phase. In the early response (Figure 2.1 C), the leaves 
maintained their green colour but at the mid response the leaves started losing their green colour 
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(Figure 2.1 D) which is indicative of poikilochlorophyllous resurrection plants that dismantle 
their photosynthetic apparatus upon drying (Sherwin and Farrant, 1998, Tuba and 
Lichtenthaler, 2011; Beckett et al., 2012; Christ et al., 2014). The mid response averaged 
between three to four days before entering the late response (Figure 2.1 E). During the late 
response (~ 40 - 10% RWC), the leaves were folded such that the abaxial surfaces only were 
exposed to light, with these becoming anthocyanin rich as seen by the dark shade of purple 
(Figure 2.1 E). The abaxial surface also protects the plant as it has a reflective sticky coating 
which serves to reduce light absorption (Sherwin and Farrant, 1998).  
 
Figure 2.2: (A). Changes in relative water content of maize leaves under dehydration stress over a 
period of 11 days. Relative water content represented in percentage. Error bars specify standard error 
between technical repeats. Dehydration was performed on four biological replicates (B). Maize 
representing hydrated (control) (~100-90% relative water content ~5 gH2O g ̄ ˡ dwt to 4.8 gH2O); (C). 
Maize at early response to drying (~80-70%, ~ 4.4 gH2O g  ̄ ˡ dwt to 3.9 gH2O); (D). Maize at mid 
response to drying (~70 - 60% relative water content, ~3.9 to 3.4 gH2O g ̄ ˡ dwt); (E). Maize at late 
response to drying (~ 60 - 50%, ~3.4 gH2O - 2 gH2O g ̄ ˡ dwt). 
 
A dehydration treatment of desiccation sensitive maize showed a gradual lowering of RWC 
over the dehydration period with a steep decline beginning on the ninth day (Figure 2.2 A). For 
comparative purposes, we have also defined early, mid and late stages of drying in maize. At 
full turgor, the absolute water content of leaves was 5 gH2O g ̄ ˡ dwt (Figure 2.2 B). After three 
days of withholding water, maize leaves started showing signs of leaf wilting, (Figure 2.2 C) 
although the RWC of the leaves of most plants were elevated compared to the full turgor control 
(Figure 2.2 A). This feature is typical of plants that increase osmotic content of leaves during 
early stages of drought stress, thereby improving water transmission from roots (Farrant, 2007; 
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Kamies, Rafudeen and Farrant, 2010).  By day 5, actual water loss was initiated with leaf tissues 
declining to ~ 70-60% RWC (Figure 2.2 D). Maize leaves showed wilting and rolling 
throughout the drought stress treatment. These morphological changes were observed within 
the first few days of drought stress treatment but as the dehydration treatment progressed, the 
degree of leaf rolling increased (Figure 2.2 E). These changes were noticeable when compared 
to the well-watered controls which had no rolling or wilting. In arid areas, many plants use leaf 
rolling as a drought avoidance mechanism as it decreases transpiration (Clarke, 1986; 
Fernandez and Castrillo, 1999). By day 11, the late stages of this drought experiment, the stem 
started turning deep red and leaves felt completely dry (Figure 2.2 E) although they were still 
at relatively high RWC of 60-50%.  
Despite the similar trends in initial responses to withholding of water, in that both species 
initially maintained a high RWC for 6 days before obvious decline thereof, subsequent rates of 
water loss varied between the species. In X. schlechteri there was a rapid decline to 10% RWC, 
whereas in maize RWC remained above 50% during this time. This clearly points to different 
methods of water regulation between the two plant species. There were notable morphological 
differences between the two species. X. schlechteri had no obvious leaf drooping and the loss 
of chlorophyll and accumulation of purple anthocyanin was clearly visible. Maize leaves 
showed signs of drooping and leaf rolling, this likely slowing rate of water loss by reduction 
of transpiration, but some of the tissues remained green suggesting retention of chlorophyll. 
 
 
Figure 2.3: Chlorophyll content of X. schlechteri from hydrated and dehydrated leaf material performed 
on three biological replicates (n=3). The absorbance was read at 645 and 663 nm and calculated for 
total chlorophyll content. Data are represented by mean of ± SD (standard deviation). Asterisks 
indicates statistical differences as determined by the unpaired t-test (****, p ≤ 0.001). 
 
The morphological changes seen upon dehydration were also reflected in the chlorophyll 
content of leaves of the two species after 11 days of dehydration (Figures 2.3 and 2.4). In X. 
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schlechteri, there was a 90% reduction of chlorophyll from the fully hydrated to the desiccated 
state (Figure 2.3). This is similar to that reported by other researchers working on this species 
(Sherwin and Farrant, 1998; Radermacher et al., 2019) and is typical of all 
poikilochlorophyllous resurrection plants (Dinakar et al., 2012; Farrant et al., 2012; Christ et 
al., 2014).  
 
 
Figure: 2.4.: Chlorophyll content of maize from hydrated and dehydrated leaf material performed on 
three biological replicates (n=3). The absorbance was read at 645 and 663 nm and calculated for total 
chlorophyll content. Data are represented where error bars represent mean of ± SD (standard deviation). 
Asterisks indicates statistical differences as determined by the unpaired t-test (<0.05*). 
 
The chlorophyll content in hydrated and dehydrated maize leaf material is shown in Figure 2.4. 
There was a small but significant decrease in chlorophyll content in the dehydrated samples 
which suggests that the 50% reduction in RWC had a negative impact on photosynthesis. 
During drought stress, the accumulation of ROS becomes excessive and this has been reported 
to cause reduction in chlorophyll content (Smirnoff, 1995). Furthermore, loss of chlorophyll is 
typical of the induction of senescence (Bresson et al., 2018), which the maize plants in this 
study might have been entering.  
When contrasting the chlorophyll assay results between X. schlechteri and maize, there is a 
massive reduction in chlorophyll content of ~90% in the former whereas in maize the reduction 
was only ~10%. This confirms previous studies that there is a structured downregulation of 
photosynthesis by inter alia chlorophyll breakdown in poikilochlorophyllous resurrection 
plants (Farrant et al., 2015; Costa et al., 2017), whereas desiccation sensitive plants such as 
maize, retain chlorophyll during water-loss, despite the risk of excessive ROS damaging the 




Figure 2.5: Activity of antioxidants in hydrated and dry leaves of X. schlechteri. (A). Ascorbate 
peroxidase (APX) (μmol min−1 mg−1 of proteins), (B). Catalase (CAT) activity (μmol H2O2 
catalysed/g/sec) and measured at a wavelength of 240nm, (C). Glutathione reductase (GR) (μmol 
NADPH reduced/g/min measured at a wavelength of 340nm and (D). Superoxide dismutase (SOD), 
units SOD/mg protein measured at a wavelength of 560nm in hydrated and dehydrated leaves of X. 
schlechteri. Error bars indicate standard deviation (n=3). Data are represented by mean of ± SD 
(standard deviation). Asterisks indicates statistical differences as determined by the unpaired t-test  
(*< 0.05; ** ≤ 0.01, *** ≤ 0.001). 
 
The severity of the water loss can cause the production of ROS to exceed the capacity of 
antioxidants and antioxidant enzymes resulting in oxidative stress (Foyer and Noctor, 2005; 
Ajithkumar and Panneerselvam, 2014). The ROS must therefore be detoxified as efficiently as 
possible to prevent eventual damage to various cellular components (Gratão et al., 2005). 
Antioxidant assays were conducted to test enzymatic activities of ascorbate peroxidase (APX), 
catalase (CAT), glutathione reductase (GR) and superoxide dismutase (SOD) in X. schlechteri 
hydrated and dehydrated leaf material. There was a significant increase in antioxidant enzyme 
activity for APX, CAT, GR and SOD in the dehydrated plant tissue compared to the hydrated 
tissue (Figure 2.5). This confirms data of Sherwin and Farrant (1998) who found an increase 
in APX, GR and SOD activity during dehydration in X.viscosa, as well as that of several other 
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resurrection plants (Farrant et al., 2007), including lower order desiccation tolerant species 




Figure 2.6: Activity of antioxidants in hydrated and dry leaves of maize, (A). Ascorbate peroxidase 
(APX) (μmol min−1 mg−1 of proteins, (B). Catalase (CAT) (activity (μmol H2O2 catalysed/g/sec) and 
measured at a wavelength of 240nm, (C). Glutathione reductase (GR) (μmol NADPH reduced/g/min 
measured at a wavelength of 340nm and (D). Superoxide dismutase (SOD) (Units SOD/mg protein 
measured at a wavelength of 560nm in hydrated and dehydrated leaves of maize. Error bars indicate 
mean of ± SD (standard deviation) from three biologicals (n=3). Data are represented by Asterisks 
indicates statistical differences as determined by the unpaired t-test (*<0.05, **** ≤ 0.001). 
 
Maize plants are also protected by an array of antioxidants such as APX, CAT, GR and SOD 
(Noctor & Foyer, 1998). In the current study, APX decreased significantly in dehydrated leaf 
tissues (Figure 2.6 A). Catalase and SOD increased significantly (*>0.05, **** ≤ 0.001) 
(Figure 2.6 B and D) respectively. While the APX and GR response contrasts with that 
observed in X. schlechteri (Figure 2.5 A and C) where the activity of these two antioxidant 
enzymes were significantly increased in dehydrated material, if one looks at the actual levels 
of activity between the two species, the data show that while both species utilise these 
antioxidants, they do so differently. In hydrated maize leaves APX and CAT activities were 
3.25 μmol and 4 μmol respectively compared with 0.4 μmol and 0.002 μmol in X. schlechteri. In 
contrast GR and SOD activities were 10% lower in hydrated maize leaves compared with X. 
schlechteri. Dehydration resulted in lower overall activity of APX and GR in maize, but a 
higher CAT activity compared with X. schlechteri. Interestingly SOD activity was similar in 
30 
 
both species in the desiccated tissues. While these variations might suggest different regulation 
of these antioxidant activities in maize and X. schlechteri in response to drought, this is not 
uncommon among “housekeeping” antioxidants. Farrant et al. (2007) compared antioxidant 
activities of APX, GR, CAT and SOD in resurrection plants and desiccation sensitive species 
and that each species showed different trends in activity during initial water deficit stress, only 
the resurrection plants were able to retain activity below RWC of 50%. In the current study, 
the fact that all enzymes still retained some activity at 50% RWC in maize, suggests that these 
tissues had not yet succumbed due to excessive dehydration. This could also have been due to 
an accumulation of the enzymes. Further drying beyond this point however resulted in the 
maize not surviving and an attempt to rehydrate the maize was unsuccessful (data not shown). 
Antioxidant activity is crucial in determining the drought tolerance of maize genotypes. It was 
found that, APX, SOD and CAT levels were upregulated in the drought tolerant CE704 maize 
genotype, while CAT and APX levels decreased in the drought sensitive genotype 2023 
(Benešová et al., 2012). The overall results from the antioxidant assays suggests that maize 
responds to excess ROS due to drought stress, however as water loss becomes more severe it 




This chapter presents some physiological, morphological and biochemical changes that occur 
in X. schlechteri and maize upon dehydration stress. Both plant species had changes in the 
morphology of their respective leaf tissue upon dehydration with loss of green chlorophyll and 
purple anthocyanin colour production evident in X. schlechteri in the late stages of drying. 
Chlorophyll content decreased by ~90% in X. schlechteri dehydrated tissue compared to 
hydrated, indicative of its poikilochlorophyllous nature. The systematic breakdown of 
chlorophyll and thylakoid membranes prevents damage by excess ROS and is complemented 
with efficient detoxification by various antioxidant systems. This prevents ROS damage to 
nucleic acid, protein and other cellular structures. 
Maize initially used avoidance and protection mechanisms such as curling of the leaves and 
increasing the activity of certain antioxidant enzymes to cope with the loss of water. There was 
a slight decrease in chlorophyll content as dehydration proceeded which suggests perhaps the 
onset of senescence at 50% RWC. It is proposed that the maize antioxidant defence 
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mechanisms were unable to successfully detoxify the ROS possibly due to the decrease in APX 
and GR enzyme activity. The response observed for maize (Stowell’s evergreen) is typical of 
desiccation sensitive plant species.  
The basis for the observed physiological and biochemical changes is a consequence of 
molecular changes at the transcriptomic and proteomic level. This involves cellular 
adjustments more than just control of photosynthesis and modulation of antioxidant 
mechanisms and requires regulation of stress pathways and production of stress associated 
proteins. In the next chapter, we will explore the corresponding changes in the X. schlechteri 


























Label-free quantitative analysis of the X. schlechteri leaf proteome in response to 




As mentioned in chapter two, there are various physiological and biochemical changes in the 
X. schlechteri leaf tissue upon drying indicating changes at the level of the transcriptome and 
proteome across the drying curve. In this chapter, X. schlechteri proteins were quantified in 
response to dehydration stress using label-free quantification (LFQ) and appropriate database 
searching followed by gene ontology analyses.  
 
LFQ is an LC-MS/MS based method that allows for the systematic analysis of differentially 
expressed proteins in complex biological samples (Tsai et al., 2016). The fundamental steps to 
LFQ include protein extraction, protein reduction, alkylation and digestion followed by 
separation of the sample using liquid chromatography and identification of proteins using 
MS/MS and a relevant database search (Megger, 2013). The samples are then quantified on the 
basis of change in protein abundance for each protein identified in the treated sample compared 
to the control (Megger, 2013). 
 
The measurement of the changes in protein abundance allows key biological processes and 
proteins to be highlighted for further investigation (Baginsky, 2009; Vanderschuren et al., 
2013). There are many bioinformatics tools that can be used for identifying biological 
processes, functional protein annotation and functional interpretation-based enrichment of gene 
ontology (GO) processes (Ashburner et al., 2000). These programs depend on appropriate and 
well-curated plant databases which are often biased and tailored to well-known model plants 
such as Arabidopsis (Arabidopsis thaliana), maize (Zea mays) and rice (Oryza sativa) 
(Carpentier et al., 2008).  
 
Functional annotation and GO-term analyses are a challenge for non-model plant species such 
as X. schlechteri and requires suitable annotation tools and a bioinformatics pipeline for 
analyses. Although the genome of X. schlechteri was recently sequenced, it has not been fully 
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annotated (Costa et al., 2017). This posed a significant challenge in the current study and a 
bioinformatics pipeline was followed using different software programs to overcome these 
hurdles and gain useful information about the dataset (summarised in Figure 3.1). The 
bioinformatics pipeline firstly used Blast2GO (Conesa et al., 2005; Götz et al., 2008) to retrieve 
gene ontology terms, classify and annotate proteins (Ashburner et al., 2000) resulting in 
functional enrichment of X. schlechteri across the dehydration treatments. Secondly, MapMan 
analysis (Thimm et al., 2004; Usadel et al., 2005) was conducted in conjunction with Mercator 
(Lohse et al., 2014) for profiling and mapping the differentially expressed proteins of X. 
schlechteri onto biological pathways and processes.  
Lastly, as an addition, KEGG (Kyoto Encyclopaedia of Genes and Genomes) (Kanehisa and 
Goto, 2000) was conducted in Blast2GO to obtain information regarding stress-responsive 
pathways and the relevant enzymes associated with dehydration (presented in the 
supplementary material-KEGG pathways). 
 
The aims of this chapter 
The aims of this chapter were twofold, firstly, to identify and quantify differentially expressed 
X. schlechteri proteins in response to dehydration using label-free quantification. Secondly, to 
analyse the differentially regulated proteins with bioinformatic tools to find relevant functional 
processes in the context of the early response to drying (ERD), mid response to drying (MRD) 
and late response to drying (LRD). 
 
 
Materials and methods 
Proteomic analyses workflow 
The proteomic analyses workflow consisted of wet lab, raw data processing and bioinformatic 
components respectively (summarised in Figure 3.1). Proteins extracted from X. schlechteri 
were subjected to LC-MS/MS analyses and raw data was processed to obtain protein 
identification and statistically significant differential expression of proteins during 
dehydration. These differentially expressed proteins were then functionally annotated using 
Blast2GO and Mercator pipelines for GO enrichment and pathway analyses. The details of the 


































Figure 3.1: Workflow of the steps involved in obtaining functional classifications and pathways of 
proteins involved in the drying response of X. schlechteri. (Note: KEGG pathway analysis is presented 
in supplementary material. The biological pathways of interest were observed in KEGG (Kanehisa and 
Goto, 2000). The pathways showed the enzyme codes (ECs) for proteins within the X. schlechteri 




Plant material and sampling 
X. schlechteri plants were maintained, dehydrated and sampled as described in Chapter 2. Five 
mature X. schlechteri plants and leaves of similar size were used as biological replicates and 
three leaves per biological replicate plants were sampled at each time point during the 
dehydration. Samples collected were utilized for water content determination as described in 
Chapter 2, with corresponding leaf tissues flash frozen in liquid nitrogen and stored at -80°C 
until used for protein extraction as described below.   
 
Protein extraction 
Tri-reagent (Sigma-Aldrich Corporation, St. Louis, MO, USA) was used for extracting proteins 
from leaf material. The leaf material was transferred from the -80°C storage to liquid nitrogen 
before performing the protein extraction. Leaf material was ground in a chilled mortar and 
pestle to a fine powder with liquid nitrogen and 1% (w/w) insoluble polyvinylpolypyrrolidone 
(PVP). Approximately 500 mg of ground material was aliquoted into 2 ml Eppendorf tubes, to 
which 750 µl of Tri Reagent was added. The tubes were gently inverted and vortexed at room 
temperature for 15 minutes followed by incubation for 5 minutes at room temperature. This 
allowed the complete dissociation of nucleoprotein complexes. The tubes were further 
incubated at room temperature for 3 minutes, this time with the addition of 200 µl of chloroform 
and inverted gently. Samples were then centrifuged for 15 minutes at 13 000 g at 4°C. The 
aqueous phase (RNA) was transferred to a fresh Eppendorf tube and stored. The organic phase 
containing total proteins were kept on ice for the rest of the steps unless indicated differently. 
Cold 100% ethanol was added to the protein extracts. The tubes were inverted and incubated 
at room temperature for 5 minutes. The tubes were then centrifuged for 15 minutes at 2500 g. 
The supernatant containing soluble proteins were transferred to a 2 ml low-bind Eppendorf 
tube containing 1.5 ml isopropanol. The tubes were incubated for 10 minutes at room 
temperature and centrifuged for 15 minutes at 10 250 g at 4°C. At this stage, a protein pellet 
was visible and was washed thrice with 2 ml of 0.1 M ammonium acetate (prepared in 100% 
methanol). The pellets were washed with cold acetone, thereafter, air-dried and stored at -80°C 




Sample solubilisation and quantification 
The protein pellets were resuspended in 50 mM triethylammonium bicarbonate (TEAB; Sigma, 
USA, T7408), 2% sodium dodecyl sulfate (SDS; Sigma, USA, 71736) and placed at 95°C for 
5 minutes in order to solubilise. The samples were centrifuged at 13000 g for 5 minutes. 
Quantification was performed using the QuantiPro BCA assay kit (Sigma, USA, QPBCA) 
according to the manufacturer’s instructions. 
 
On-bead hydrophilic interaction liquid chromatography, (HILIC) digest 
HILIC magnetic beads (ReSyn Biosciences, South Africa, HLC010,) were used in the 
workflow, beads were aliquoted into a fresh tube.The shipping solution removed. The beads 
were washed with 250 μl wash buffer (15% ACN, 100 mM ammonium acetate (Sigma, USA, 
14267) pH 4.5) for one minute and repeated. 
The beads were resuspended in loading buffer (30% ACN, 200 mM ammonium acetate, pH 
4.5). The rest of the process described hereafter was performed using a Hamilton MassSTAR 
robotics liquid handler (Hamilton, Switzerland). A total of 50 μg of protein from each sample 
was transferred to a protein LoBind plate (Merck, USA, 0030504.100). Protein was reduced 
with tris (2-carboxyethyl) phosphine (TCEP; Sigma, USA, 646547) which was added to a final 
concentration of 10 mM TCEP and incubated at 60°C for 1 hour. Samples were cooled to room 
temperature and alkylated with methylmethanethiosulphonate (MMTS; Sigma, USA, 208795) 
(final concentration of 10 mM MMTS) and incubated at room temperature for 15 minutes. 
HILIC magnetic beads were added at an equal volume to that of the sample. The plate was then 
incubated on a shaker for 30 minutes at room temperature for binding of the protein to beads 
to take place. After binding, the beads were washed with 500 μl of 95% ACN for 1 minute, this 
was repeated 4 times.  
 
Tryptic digestion 
Trypsin (Promega, USA, PRV5111) was made up in 50 mM TEAB. It was added at a ratio of 
1:10 total protein and was incubated for 4 hours on a shaker at 37°C. After digestion, the 
peptides (supernatant) was removed and dried down. The samples were then resuspended in 




Liquid chromatography-mass spectrometry (LC-MS) 
The LC-MS analysis was conducted with a Q-Exactive quadrupole-Orbitrap mass spectrometer 
(Thermo Fisher Scientific, USA) coupled with a Dionex Ultimate 3000 nano-HPLC system 
(Thermo Fisher Scientific, USA). The peptides were dissolved in 2% ACN, 0.1% FA (Sigma, 
USA, 56302), (Burdick & Jackson, USA, BJLC015CS) and loaded on a C18 trap column 
(PepMap100, 300 μm × 5 mm × 5 μm). Samples containing peptides were trapped onto the 
column and washed for 3 minutes after which the valve was switched, and peptides eluted onto 
the analytical column. The chromatographic separation was further performed using a Waters 
nanoEase (Zenfit) M/Z Peptide CSH C18 column (75 μm × 25 cm × 1.7 μm) as described 
below. There were two solvents (solvent A and B) employed in the system. Solvent A (1% FA) 
and solvent B (1% FA in ACN). The multi-step gradient for peptide separation was generated 
at 300 nL/minute as follows: time change 5 minutes, gradient change: 2-5% solvent B, time 
change 40 minutes, gradient change 5-18%  Solvent B, time change 10 minutes, gradient 
change 18-30% solvent B, time change 2 minutes, gradient change 30-80% solvent B. The 
gradient was then held at 80% solvent B for 10 minutes before returning it to 2% solvent B and 
conditioning the column for 15 minutes. All data acquisition was obtained using Proxeon 
stainless steel emitters (Thermo Fisher, USA, TFES523). The mass spectrometer was operated 
with a capillary temperature of 320°C and operated in positive ion mode. The applied 
electrospray voltage was 1.95 kV.  
 
Database interrogation 
Relative quantification was conducted using Progenesis QI for Proteomics (Non-linear Dy-
namics, UK). Data processing included peak picking, run alignment and normalisation (singly 
charged spectra were removed from the processing pipeline). Database interrogation was 
performed with Byonic Software (Protein Metrics, USA) using a Xerophyta schlechteri 
database (August 2018 and version 3). The search parameters include 2 maximum number of 
missed cleavages with 1% false discovery rate (FDR) cut off. 
 
Identification of peptides and proteins 
The LC-MS/MS raw data (spectra) output was converted to mzML format. To determine the 
potential peptides, MS-GF+ search engine was used (Kim and Pevzner, 2014). A semi-tryptic 
specificity was used for the 52 X. schlechteri mzML files. The 52 X. schlechteri mzML files 
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were searched on the Xerophyta database (http://www.bioinformatics.nl/xerophyta/portal/data/). 
The data was processed using IDPICKER 3.1 (Ma et al., 2009) to yield a 2% peptide-spectrum 
match (PSM) FDR and required two distinct peptides sequences for each protein. A 4.44% 
empirical FDR was obtained with 2889 distinguishable protein groups matching 19,222 distinct 
peptide sequences and 152,912 peptide-spectrum matches (spectra). 
DESeq2 in R-Bioconductor was used to analyse the data, detect differentially expressed 
proteins, normalize the counts and test for the significant differences between proteins 
according to their abundance in the samples using the Wald test and a p-value 0.05. 
 
 
Gene ontology analysis pipeline 
Protein annotation and GO-term retrieval 
The protein identifications were further enriched by adding functional ontological information 
using Blast2GO v.5.2 (Götz et al., 2008). The three common structured vocabularies used in 
systems biology for ontology are biological process, molecular function and cellular 
components. Investigation of the proteins were conducted using X. schlechteri FASTA 
database file (August 2018) searched against UNIPROTKB/SwissProt database using the 
BLASTP algorithm. The blast parameters were set at default, i.e. GO weight of 5, e-value filter 
if 1e-6, an hsp-hit coverage cut-off of 0 and an annotation cut-off of 55.  
 
Mercator and MapMan analysis  
Mercator workflow 
Mercator v.3.6, is an online tool (https://plabipd.de/portal/home1) that assigns functional 
annotations to protein sequences using the MapMan (https://mapman.gabipd.org/home) “BIN” 
ontology. Mercator can be used to search unknown sequences against reference databases using 
protein domain searches or BLAST-based. Mercator then assigns BINs to the protein sequences 
based on the significant similarities to the reference protein domains or protein hits. The X. 
schlechteri input text file was uploaded to Mercator which mapped each input identifier to one 
or more BINs. The output file was then directly used as a mapping file for further high-




MapMan workflow  
MapMan (v.3.6) software was downloaded and used for the visualization of the differentially 
expressed X. schlechteri proteins using the ‘scavenger’ and ‘imageAnnotator’ modules. The 
scavenger modules create a non-redundant gene ontology. The image Annotator module allows 
for the visualization of the differentially expressed data on a schematic diagram showing 
various pathways associated with the proteins. The input folder contained Log2 fold changes 
and associated p-values of X. schlechteri obtained from Mercator as previously mentioned. 
MapMan software was configured to display upregulated proteins and downregulated proteins 
across the dehydration treatments, based on Log2 fold change with a p-value ≤ 0.05 statistical 
significance and further calculated using a Wilcoxon rank-sum test.  
 
 
Results and discussion 
 
Identification of differentially expressed proteins and quality control using bioinformatic 
tools  
 
Differentially expressed proteins 
The statistical design of R package DESeq 2 analyses was based on identifying the 
differentially expressed proteins and their differential expression across different treatments 
(Tables 3.1, 3.2 and 3.3). The differential expression was expressed as a Log2 fold change for  
p-values (≤ 0.05) and was complemented with X. schlechteri accession, protein description, 
InterPro and GO-term information. A total of 3125 unique proteins were identified in the  
X. schlechteri leaf material across the treatments (early, mid and late) of which a combined 517 
proteins were differentially expressed in response to drying. Amongst the differentially 
expressed proteins, 253 proteins were upregulated and 264 proteins were downregulated. At 
ERD (Table 3.1) 29 proteins were found to be upregulated while 33 were downregulated. For 
MRD (Table 3.2), 56 proteins were upregulated and 128 were downregulated, while LRD 








Table 3.1: List of differentially expressed proteins involved early response to drying identified in X. 
schlechteri leaf samples. 
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Patatin-like protein 1 
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CYP74A2 Allene oxide 
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Table 3.2: List of differentially expressed proteins involved mid response to drying identified in X. 
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abundant protein D-29 
3.29873 2.03005 0.0009 
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3.84307 1.81639 0.00126 IPR0389
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(PFAM) 
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LTI65 Low-temperature-










1 protein Name:"Similar to 













1 protein Name:"Similar to 




2.61495 2.13635 0.00196 IPR0096
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1 protein Name:"Similar to 
GAPC3 Glyceraldehyde-3-
phosphate dehydrogenase 3, 
cytosolic (Oryza sativa 










embryonic protein DC-8 
isoform X2 
10.5462 1.45642 0.00591 
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(Synechococcus sp. (strain 
ATCC 27264 / PCC 7002 / 
PR-6))" AED:0.04 
1.30524 2.0387 0.00743 IPR0189
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Name:"Similar to CML18 
Probable calcium-binding 
protein CML18 (Oryza 
sativa subsp. japonica)" 
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1.7858 1.70738 0.01734 IPR0070
11 
(PFAM) 




1 protein Name:"Similar to 
LEA3 Late embryogenesis 
abundant protein, group 3 
(Oryza sativa subsp. indica)" 
AED:0.00 eAED:0.00 
QI:193|1|1|1|1|1|2|266|174 
13.1791 1.18885 0.01741 
 


















Name:"Similar to CSP1 












Name:"Similar to Pyruvate 
kinase, cytosolic isozyme 
(Glycine max)" AED:0.04 
eAED:0.04 
QI:138|1|1|1|1|1|3|406|533 











Name:"Similar to HSP70 
Heat shock cognate 70 kDa 




18.4419 0.60753 0.02505 IPR0131
26 




1 protein Name:"Similar to 
LTI65 Low-temperature-











Name:"Similar to Histone 
H4 (Glycine max)" 





























1 protein Name:"Similar to 





















1 protein Name:"Similar to 
LEA3 Late embryogenesis 
abundant protein, group 3 
(Oryza sativa subsp. indica)" 
AED:0.00 eAED:0.00 
QI:193|1|1|1|1|1|2|266|174 
7.28924 1.13228 0.03889 
 




1 protein Name:"Similar to 




2.68011 1.34372 0.03974 IPR0096
86 
(PFAM) 





Name:"Similar to RUB2 
Ubiquitin-NEDD8-like 
protein RUB2 (Oryza sativa 
subsp. japonica)" AED:0.04 
eAED:0.04 
QI:73|1|1|1|1|1|3|301|153 









Name:"Similar to ABP20 
Auxin-binding protein 
ABP20 (Prunus persica)" 
AED:0.02 eAED:0.02 
QI:173|1|1|1|1|1|2|671|206 


























Name:"Similar to PHS2 
Alpha-glucan phosphorylase 
2, cytosolic (Arabidopsis 
thaliana)" AED:0.23 














protein Name:"Similar to 
Late embryogenesis 




0.97016 1.55308 0.04808 IPR0070
11 
(PFAM);  





Name:"Similar to ERF1-3 
Eukaryotic peptide chain 









       
 
 
Table 3.3: List of differentially expressed proteins involved Late response to drying identified in X. 
schlechteri leaf samples. 
 






























protein Name:"Similar to 

















protein Name:"Similar to 
LTI65 Low-temperature-


















protein Name:"Similar to 11 
kDa late embryogenesis 




















protein Name:"Similar to 
CHLI Magnesium-chelatase 
subunit ChlI, chloroplastic 

















































































protein Name:"Similar to 
Embryonic protein DC-8 

















protein Name:"Similar to 



















protein Name:"Similar to Late 
embryogenesis abundant 



















protein Name:"Similar to 
CHLI Magnesium-chelatase 
subunit ChlI, chloroplastic 



















protein Name:"Similar to 
B19.4 Late embryogenesis 
abundant protein B19.4 

















protein Name:"Similar to 
PORB Protochlorophyllide 
reductase B, chloroplastic 



















protein Name:"Similar to Late 
embryogenesis abundant 


















protein Name:"Similar to 



















protein Name:"Similar to Late 
embryogenesis abundant 



















protein Name:"Similar to 
LEA3 Late embryogenesis 
abundant protein, group 3 




















(Synechococcus sp. (strain 
ATCC 27264 / PCC 7002 / 















protein Name:"Similar to 



















protein Name:"Similar to Late 
embryogenesis abundant 



















protein Name:"Similar to 
Embryonic protein DC-8 
















protein Name:"Similar to 
DHN3 Dehydrin DHN3 


















protein Name:"Similar to 



















protein Name:"Similar to 



















protein Name:"Similar to 1-




































protein Name:"Similar to 
LEA3 Late embryogenesis 
abundant protein, group 3 
















protein Name:"Similar to 






































protein Name:"Similar to EIF-
5A2 Eukaryotic translation 






















protein Name:"Similar to 
PCKR1 Peptidyl-prolyl cis-
trans isomerase (Catharanthus 





































protein Name:"Similar to 


















protein Name:"Similar to 
LTI65 Low-temperature-






















protein Name:"Similar to Late 
embryogenesis abundant 



















1 protein Name:"Similar to 



















protein Name:"Similar to 
LEA3 Late embryogenesis 
abundant protein, group 3 
















1 protein Name:"Similar to 
Os01g0270100 Cysteine 
proteinase inhibitor 12 (Oryza 
















protein Name:"Similar to 
Eukaryotic translation 























protein Name:"Similar to 
CCR1 Cinnamoyl-CoA 






















Name:"Similar to MSRB5 
Peptide methionine sulfoxide 
reductase B5 (Oryza sativa 





















protein Name:"Similar to 
LEA14-A Late embryogenesis 



















1 protein Name:"Similar to 
ERF1-3 Eukaryotic peptide 






















protein Name:"Similar to 
CML18 Probable calcium-
binding protein CML18 


















protein Name:"Similar to 
GMPM1 18 kDa seed 
maturation protein (Glycine 

















protein Name:"Similar to 


















protein Name:"Similar to FLK 








































1 protein Name:"Similar to 
EIF-5A2 Eukaryotic 
translation initiation factor 5A-





















protein Name:"Similar to 
DHN1 Dehydrin DHN1 


















protein Name:"Similar to 
Bowman-Birk type trypsin 


















protein Name:"Similar to 




















protein Name:"Similar to 
Embryonic protein DC-8 
















protein Name:"Similar to 
RPS12 40S ribosomal protein 



















protein Name:"Similar to 
CLPB3 Chaperone protein 
ClpB3, mitochondrial (Oryza 





















1 protein Name:"Similar to 
MT4A Metallothionein-like 
protein 4A (Oryza sativa 






































1 protein Name:"Similar to 
PED1 3-ketoacyl-CoA thiolase 



















1 protein Name:"Similar to 
HOP3 Hsp70-Hsp90 


















protein Name:"Similar to 
PORB Protochlorophyllide 
reductase B, chloroplastic 

















protein Name:"Similar to 
GMPM1 18 kDa seed 
maturation protein (Glycine 

















protein Name:"Similar to 
RBCS1 Ribulose bisphosphate 




















protein Name:"Similar to PXG 
Peroxygenase (Oryza sativa 



















protein Name:"Similar to 
RPT1 26S protease regulatory 





















Name:"Similar to DHN1 































protein Name:"Similar to 
FEN1 Flap endonuclease 1 
























protein Name:"Similar to 
MTA Metallothionein-like 


















protein Name:"Similar to TDX 
TPR repeat-containing 



















protein Name:"Similar to 
GDCSH Glycine cleavage 
system H protein, 
mitochondrial (Oryza sativa 

















1 protein Name:"Similar to 
RANBP1C Ran-binding 



















protein Name:"Similar to 
SAPK7 Serine/threonine-
protein kinase SAPK7 (Oryza 




















1 protein Name:"Similar to 




















protein Name:"Similar to 
Os01g0253300 Importin 
subunit alpha-1a (Oryza sativa 





















protein Name:"Similar to 
CSD2 Superoxide dismutase 





















protein Name:"Similar to PXG 
Peroxygenase (Oryza sativa 



































protein Name:"Similar to 
RPS12 40S ribosomal protein 



















protein Name:"Similar to 
TUFB1 Elongation factor Tu, 




















protein Name:"Similar to 
MBF1B Multiprotein-bridging 


















protein Name:"Similar to 
At5g12110 Elongation factor 


















protein Name:"Similar to 
CYS6 Cysteine proteinase 






















protein Name:"Similar to 
AKR2 Ankyrin repeat domain-



















protein Name:"Similar to 
RZ1B Glycine-rich RNA-



















protein Name:"Similar to 
PLP1 Patatin-like protein 1 


















protein Name:"Similar to 
DHN3 Dehydrin DHN3 

















protein Name:"Similar to 
RPL23A 60S ribosomal 




















protein Name:"Similar to 



















protein Name:"Similar to 
MORF1 Multiple organellar 






















Name:"Similar to DHN1 









































protein Name:"Similar to 
HSP70 Stromal 70 kDa heat 
shock-related protein, 





















Name:"Similar to RuBisCO 
large subunit-binding protein 
subunit beta, chloroplastic 

















1 protein Name:"Similar to 
PCKR1 Peptidyl-prolyl cis-
trans isomerase (Catharanthus 
















protein Name:"Similar to 
RPS27B 40S ribosomal 




















protein Name:"Similar to 
Os02g0639900 Thioredoxin 
M1, chloroplastic (Oryza 
















protein Name:"Similar to 



















protein Name:"Similar to 
TUFB1 Elongation factor Tu, 







































protein Name:"Similar to 
HVA22A HVA22-like protein 






















protein Name:"Similar to 
PAB8 Polyadenylate-binding 



















protein Name:"Similar to AN3 
Naringenin,2-oxoglutarate 3-
dioxygenase (Fragment) 

















protein Name:"Similar to GSA 
Glutamate-1-semialdehyde 
2,1-aminomutase, 
chloroplastic (Oryza sativa 




















protein Name:"Similar to 
Major pollen allergen Cor a 1 
isoforms 5, 6, 11 and 16 








































protein Name:"Similar to 
v1g171563 Eukaryotic 
translation initiation factor 3 











































protein Name:"Similar to 
TSJT1 Stem-specific protein 

















protein Name:"Similar to 
atad1a ATPase family AAA 
domain-containing protein 1-A 





















protein Name:"Similar to 29 





































protein Name:"Similar to 





















1 protein Name:"Similar to 
HSP81-1 Heat shock protein 



















Name:"Similar to CSP4 Cold 
shock domain-containing 















protein Name:"Similar to 
Os02g0194200 Zinc finger 
CCCH domain-containing 


















protein Name:"Similar to PR1 



















protein Name:"Similar to 
RPS27B 40S ribosomal 




























































Name:"Similar to PORB 
Protochlorophyllide reductase B, 
















protein Name:"Similar to 
Os09g0529100 Probable 6-
phosphogluconolactonase 4, 
chloroplastic (Oryza sativa subsp. 
















Name:"Similar to HSP90 
Endoplasmin homolog (Catharanthus 
















Name:"Similar to RABA2A Ras-
related protein RABA2a (Arabidopsis 

















protein Name:"Similar to ADK-B 
Adenylate kinase 4 (Oryza sativa 

















protein Name:"Similar to HSP90 
Endoplasmin homolog (Catharanthus 
















protein Name:"Similar to 
Os06g0675700 Probable alpha-
glucosidase Os06g0675700 (Oryza 



















Name:"Similar to TP53I3 Quinone 
oxidoreductase PIG3 (Homo 

















protein Name:"Similar to Alpha-



















protein Name:"Similar to UVR8 
Ultraviolet-B receptor UVR8 














protein Name:"Similar to ADK-B 
Adenylate kinase 4 (Oryza sativa 



















protein Name:"Similar to PNSL1 
Photosynthetic NDH subunit of 
lumenal location 1, chloroplastic 


















protein Name:"Similar to CHI4 
Endochitinase PR4 (Phaseolus 



















protein Name:"Similar to tal 
Transaldolase (Acidothermus 
cellulolyticus (strain ATCC 43068 / 



















protein Name:"Similar to HEMC 
Porphobilinogen deaminase, 
chloroplastic (Oryza sativa subsp. 














protein Name:"Similar to At4g26910 
Dihydrolipoyllysine-residue 
succinyltransferase component of 2-
oxoglutarate dehydrogenase complex 
2, mitochondrial (Arabidopsis 



















Name:"Similar to GAPC2 
Glyceraldehyde-3-phosphate 
dehydrogenase 2, cytosolic (Oryza 













protein Name:"Similar to CHLM 
Magnesium protoporphyrin IX 
methyltransferase, chloroplastic 




















Name:"Similar to RPL5 50S 
ribosomal protein L5, chloroplastic 

















Name:"Similar to CHLP 
Geranylgeranyl diphosphate 
reductase, chloroplastic (Nicotiana 
















protein Name:"Similar to 
Os08g0288200 Probable adenylate 
kinase 5, chloroplastic (Oryza sativa 


















protein Name:"Similar to PORB 























Name:"Similar to RPN8A 26S 
proteasome non-ATPase regulatory 
subunit 7 homolog A (Arabidopsis 



















protein Name:"Similar to Vacuolar-















Name:"Similar to petC Cytochrome 
b6-f complex iron-sulfur subunit, 
chloroplastic (Oryza sativa subsp. 














Name:"Similar to GGAT1 
Glutamate--glyoxylate 
aminotransferase 1 (Arabidopsis 

















Name:"Similar to PSBO Oxygen-
evolving enhancer protein 1, 
chloroplastic (Solanum 
























protein Name:"Similar to RCA2 
Ribulose bisphosphate 
carboxylase/oxygenase activase 2, 















protein Name:"Similar to RPS17 40S 
ribosomal protein S17 (Solanum 
















protein Name:"Similar to APX1 L-
ascorbate peroxidase, cytosolic 













protein Name:"Similar to CAB13 
Chlorophyll a-b binding protein 13, 
chloroplastic (Solanum 

















protein Name:"Similar to RCA2 
Ribulose bisphosphate 
carboxylase/oxygenase activase 2, 


















protein Name:"Similar to RPS17 40S 
ribosomal protein S17 (Solanum 
















Name:"Similar to RPL5 50S 
ribosomal protein L5, chloroplastic 
















Name:"Similar to PSBO Oxygen-
evolving enhancer protein 1, 
chloroplastic (Solanum 
















protein Name:"Similar to PSBP 
Oxygen-evolving enhancer protein 2, 


















protein Name:"Similar to Chlorophyll 
a-b binding protein, chloroplastic 
















protein Name:"Similar to 
Os06g0675700 Probable alpha-
glucosidase Os06g0675700 (Oryza 



















Name:"Similar to APXT L-ascorbate 
peroxidase T, chloroplastic 















protein Name:"Similar to CNX1 
Calnexin homolog 1 (Arabidopsis 
















protein Name:"Similar to RCA1 
Ribulose bisphosphate 
carboxylase/oxygenase activase, 


















protein Name:"Similar to APX1 L-
ascorbate peroxidase, cytosolic 




















protein Name:"Similar to CPN21 20 
kDa chaperonin, chloroplastic 















protein Name:"Similar to RPS17 40S 
ribosomal protein S17 (Solanum 
















Name:"Similar to CSP41A 
Chloroplast stem-loop binding 
protein of 41 kDa a, chloroplastic 













protein Name:"Similar to LHCB5 
Chlorophyll a-b binding protein 
CP26, chloroplastic (Arabidopsis 

















protein Name:"Similar to Chlorophyll 
a-b binding protein, chloroplastic 
















protein Name:"Similar to PNSL1 
Photosynthetic NDH subunit of 
lumenal location 1, chloroplastic 















Name:"Similar to FBPban1 Fructose-
1,6-bisphosphatase, cytosolic (Musa 















Name:"Similar to CAB21 
Chlorophyll a-b binding protein 21, 


















Name:"Similar to At1g67280 
Probable lactoylglutathione lyase, 













protein Name:"Similar to RPL4 50S 
ribosomal protein L4, chloroplastic 














protein Name:"Similar to HEMC 
Porphobilinogen deaminase, 
chloroplastic (Oryza sativa subsp. 














protein Name:"Similar to rps5 30S 
ribosomal protein S5, chloroplastic 















Name:"Similar to APX4 Probable L-

















protein Name:"Similar to Chlorophyll 
a-b binding protein, chloroplastic 



















protein Name:"Similar to PETH 
Ferredoxin--NADP reductase, leaf 
isozyme, chloroplastic (Pisum 
















protein Name:"Similar to TPIP1 
Triosephosphate isomerase, cytosolic 















protein Name:"Similar to 
Transketolase, chloroplastic 













protein Name:"Similar to PGMP 
Phosphoglucomutase, chloroplastic 
















protein Name:"Similar to CPN21 20 
kDa chaperonin, chloroplastic 













Name:"Similar to ATP synthase 
subunit delta', mitochondrial 
















protein Name:"Similar to CURT1D 
Protein CURVATURE 
THYLAKOID 1D, chloroplastic 
















protein Name:"Similar to ADG2 
Glucose-1-phosphate 
adenylyltransferase large subunit 1, 




















Name:"Similar to LSF1 
Phosphoglucan phosphatase LSF1, 
















protein Name:"Similar to CYCL 




















protein Name:"Similar to Vacuolar-
















Name:"Similar to RPL8 60S 
ribosomal protein L8 (Solanum 














protein Name:"Similar to CURT1A 
Protein CURVATURE 
THYLAKOID 1A, chloroplastic 

















protein Name:"Similar to At1g09760 
U2 small nuclear ribonucleoprotein 

















Name:"Similar to HIR1 
Hypersensitive-induced response 

















protein Name:"Similar to RPL3 60S 
ribosomal protein L3 (Oryza sativa 















protein Name:"Similar to At3g10130 
Heme-binding-like protein 
At3g10130, chloroplastic 















Name:"Similar to BGAL9 Beta-
galactosidase 9 (Arabidopsis 

















Name:"Similar to LHCA1 
Chlorophyll a-b binding protein 6, 
















protein Name:"Similar to 
Transketolase, chloroplastic 


















protein Name:"Similar to Alpha-

















protein Name:"Similar to UVR8 
Ultraviolet-B receptor UVR8 
















Name:"Similar to TPIP1 
Triosephosphate isomerase, 
















protein Name:"Similar to LHCB4.2 
Chlorophyll a-b binding protein 
CP29.2, chloroplastic (Arabidopsis 





































Name:"Similar to RABA2A Ras-
related protein RABA2a (Arabidopsis 
















protein Name:"Similar to PAB1 
Proteasome subunit alpha type-2 



















protein Name:"Similar to EPHX2 
Bifunctional epoxide hydrolase 2 
















protein Name:"Similar to RPL3 60S 
ribosomal protein L3 (Oryza sativa 


















protein Name:"Similar to ANN1 
















Name:"Similar to TPIP1 
Triosephosphate isomerase, 
















Name:"Similar to NAD-ME1 NAD-
dependent malic enzyme 1, 

















Name:"Similar to CAB36 
Chlorophyll a-b binding protein 36, 


















protein Name:"Similar to Peptide-
N4-(N-acetyl-beta-
glucosaminyl)asparagine amidase A 
















protein Name:"Similar to PSAH1 
Photosystem I reaction center subunit 
VI-1, chloroplastic (Arabidopsis 
















Name:"Similar to IMPL1 
Phosphatase IMPL1, chloroplastic 
















protein Name:"Similar to RBCS1 
Ribulose bisphosphate carboxylase 
small chain, chloroplastic (Musa 















protein Name:"Similar to PBG1 
Proteasome subunit beta type-4 













protein Name:"Similar to LHCB4.2 
Chlorophyll a-b binding protein 
CP29.2, chloroplastic (Arabidopsis 











no GO terms 
Xvis03_213887-
PA 















protein Name:"Similar to RPL9 50S 
ribosomal protein L9, chloroplastic 

















protein Name:"Similar to CURT1A 
Protein CURVATURE 
THYLAKOID 1A, chloroplastic 
















protein Name:"Similar to CLPP5 
ATP-dependent Clp protease 
proteolytic subunit 5, chloroplastic 




















protein Name:"Similar to SHM4 
Serine hydroxymethyltransferase 4 













protein Name:"Similar to PETE 
Plastocyanin minor isoform, 

















Name:"Similar to CAB6A 
Chlorophyll a-b binding protein 6A, 
chloroplastic (Solanum 
































protein Name:"Similar to 
SPAC9E9.15 Uncharacterized 
protein C9E9.15 
(Schizosaccharomyces pombe (strain 

















protein Name:"Similar to CAP10A 
Chlorophyll a-b binding protein CP24 
10A, chloroplastic (Solanum 










Name:"Similar to CEST Protein 
CHLOROPLAST ENHANCING 
STRESS TOLERANCE, 
chloroplastic (Oryza sativa subsp. 















Name:"Similar to APX4 Probable L-
ascorbate peroxidase 4 (Oryza sativa 














protein Name:"Similar to GGH2 
Gamma-glutamyl hydrolase 2 

















protein Name:"Similar to FKBP19 
Peptidyl-prolyl cis-trans isomerase 
FKBP19, chloroplastic (Arabidopsis 



















protein Name:"Similar to CAT1 

















Name:"Similar to petC Cytochrome 
b6-f complex iron-sulfur subunit, 










no GO terms 
70 
 





protein Name:"Similar to RPL3 60S 
ribosomal protein L3 (Oryza sativa 

















Name:"Similar to RPS2C 40S 
ribosomal protein S2-3 (Arabidopsis 
























protein Name:"Similar to 
Os08g0288200 Probable adenylate 
kinase 5, chloroplastic (Oryza sativa 


















protein Name:"Similar to HEMC 
Porphobilinogen deaminase, 
chloroplastic (Oryza sativa subsp. 



















protein Name:"Similar to rps5 30S 
ribosomal protein S5, chloroplastic 

















protein Name:"Similar to CAP10A 
Chlorophyll a-b binding protein CP24 
10A, chloroplastic (Solanum 












protein Name:"Similar to PETH 
Ferredoxin--NADP reductase, leaf-
type isozyme, chloroplastic 



















protein Name:"Similar to TPIP1 
Triosephosphate isomerase, cytosolic 















protein Name:"Similar to LHCB4.2 
Chlorophyll a-b binding protein 
CP29.2, chloroplastic (Arabidopsis 






































Name:"Similar to RABA2A Ras-
related protein RABA2a (Arabidopsis 














protein Name:"Similar to PAB1 
Proteasome subunit alpha type-2 



















protein Name:"Similar to CAP10A 
Chlorophyll a-b binding protein CP24 
10A, chloroplastic (Solanum 














protein Name:"Similar to ALATS 
Alanine--tRNA ligase (Arabidopsis 




















Name:"Similar to At4g13360 3-
hydroxyisobutyryl-CoA hydrolase-
like protein 3, mitochondrial 
















carboxylase 1, chloroplastic (Populus 






















protein Name:"Similar to UAM1 
UDP-arabinopyranose mutase 1 














Name:"Similar to BGLU22 Beta-
glucosidase 22 (Oryza sativa subsp. 











protein Name:"Similar to Beta-





























protein Name:"Similar to PSAF 
Photosystem I reaction center subunit 
III, chloroplastic (Arabidopsis 


















1.26-mRNA-1 protein Name:"Similar 
to PAP27 Probable inactive purple 
acid phosphatase 27 (Arabidopsis 


















carboxylase 1, chloroplastic (Populus 

















Name:"Similar to At4g13360 3-
hydroxyisobutyryl-CoA hydrolase-
like protein 3, mitochondrial 



















protein Name:"Similar to ALATS 
Alanine--tRNA ligase (Arabidopsis 






















protein Name:"Similar to UAM1 
UDP-arabinopyranose mutase 1 





















Name:"Similar to BGLU22 Beta-
glucosidase 22 (Oryza sativa subsp. 





















Name:"Similar to CEBIP Chitin 
elicitor-binding protein (Oryza sativa 















protein Name:"Similar to zta1 
Probable quinone oxidoreductase 
(Schizosaccharomyces pombe (strain 












Name:"Similar to WAXY Granule-
bound starch synthase 1, 
chloroplastic/amyloplastic 
















Name:"Similar to PAP2 Probable 
inactive purple acid phosphatase 2 


















protein Name:"Similar to AGD2 
Probable LL-diaminopimelate 
aminotransferase, chloroplastic 
















protein Name:"Similar to THI1-2 
Thiamine thiazole synthase 2, 














Name:"Similar to CAB7 Chlorophyll 
a-b binding protein 7, chloroplastic 

















protein Name:"Similar to GOR 
Glutathione reductase, chloroplastic 














Name:"Similar to EDA2 Probable 
serine protease EDA2 (Arabidopsis 














Name:"Similar to caa43 2-
haloacrylate reductase (Burkholderia 


















protein Name:"Similar to AFRR 
Monodehydroascorbate reductase 















protein Name:"Similar to Proteasome 
subunit beta type-5 (Spinacia 













protein Name:"Similar to PME35 
Probable 
pectinesterase/pectinesterase inhibitor 















protein Name:"Similar to PPD 
Pyruvate, phosphate dikinase, 
chloroplastic (Mesembryanthemum 







































protein Name:"Similar to PSAL 
Photosystem I reaction center subunit 




















protein Name:"Similar to PREP1 
Presequence protease 1, 
chloroplastic/mitochondrial 

















protein Name:"Similar to IBI1 
Aspartate--tRNA ligase 2, 


















protein Name:"Similar to CYP74B2 
Linolenate hydroperoxide lyase, 


















Name:"Similar to Os08g0562700 
Puromycin-sensitive aminopeptidase 
























protein Name:"Similar to SAG12 
Senescence-specific cysteine protease 


















Name:"Similar to Serpin-Z1C 

















protein Name:"Similar to Beta-
























protein Name:"Similar to ANN1 



















Quality control using principal component analysis on the differentially expressed 
proteins across the treatments 
 
Principal component analysis (PCA) was used for multivariate analysis based on the 
differentially expressed proteins across the dehydration treatments (Figure 3.2). The PCA plot 
was used to eliminate sample outliers, reduce noisy data and differentiate between the stages 
of hydration sampled (control, early, mid and late). The distinct matches show that the 
replicates are reproducible and that there is a difference across the drying stages (Figure 3.2 
C). The results indicated there is a significant difference at the protein groups at the adjusted 
p-value of 0.004 between early (80-70% RWC), mid (60-40% RWC) and late (40-10% RWC) 
(Figure 3.2 A). Overall this data shows that there was differential protein expression upon 




Figure 3.2: (A). PCA plot of protein groups were visualised, p-value = 0.004 and p-value = 0.04. Where 
a protein group consists of a master protein that is identified by sets of peptides. (B). and (C). Distinct 
peptides and distinct matches which determines the number of spectra that matches only that protein or 
peptide respectively. (D). Filtered spectra, 0.05 <p <0.1, describes the number of spectra that was found 




Protein annotation and functional interpretation of differentially expressed X. schlechteri 
proteins during dehydration using gene ontology 
 
The proteomic data gave a myriad of protein identifications which requires annotation, 
biological context and visualisation in order to understand the key processes, networks and 
reactions that underly the drying responses of X. schlechteri. In order to gain this 
understanding, the X. schlechteri differentially expressed proteins were compared across the 
three stages of drying, including the up and down regulated proteins, using gene ontology tools 
such as Blast2GO and MapMan.  
The Blast2GO program allows proteins to be assigned to three non-overlapping ontologies, 
namely, cellular component, molecular function and biological process (Figures 3.3, 3.4 and 
3.5 respectively). The respective ontologies and proteins assigned to each process were 
examined according to the early (ERD), mid (MRD) and late (LRD) response to dehydration. 
MapMan provides a visual representation of the differentially expressed proteins and the 
processes they are involved in based on MapMan ontology (Usadel et al., 2009). Mapman was 
used to assign the upregulated and downregulated proteins to specific BINs and visualise 
processes and stimuli. 
 
Blast2GO analysis of cellular components, molecular functions and biological processes 
 
The most highly represented cellular components at ERD (Figure 3.3 A) included the 
chloroplast (36%) and the cytosol (15%). Other cellular components that were observed were 
the cytoplasm (9%), nucleus (8%), mitochondria (8%), endoplasmic reticulum (6%), 
extracellular matrix (6%), peroxisome (4%), golgi apparatus (2%), lysosome (2%), vacuole 
(2%) and proteasome respectively. At MRD (Figure 3.3 B) as well as for the LRD (Figure 3.3 
C) similar cellular compartments were observed, however, there was an increase in the 
chloroplast (47%) at MRD while for LRD, there was a decrease in chloroplast (35%). 
Furthermore, at MRD the cytoplasm (17%) and the nucleus (10%) increased while the cytosol 
(8%), decreased compared to ERD. The cell wall (1%) and plasma membrane (1%) continued 










Figure 3.3: Cellular component prediction of the identified X. schlechteri differentially expressed 
proteins based on GO-annotation at the (A). Early response to drying; (B). Mid response to drying and 
(C). Late response to drying. 
 
The GO-terms allocated to the molecular functions of X. schlechteri were examined and the 
results showed that the ERD (80-70% RWC) is mostly associated with antioxidants (4%), 
binding (6%) and catalytic activity (1%) (Figure 3.4 A). As the drying progressed and reached 
the MRD (60-40% RWC) (Figure 3.4 B), proteins belonging to antioxidants (9%), binding 
activity (13%) and catalytic activity (3%) increased compared to the ERD. In addition, proteins 
78 
 
belonging to transport (1%) and translation regulation (3%) became associated with MRD. A 
significant increase in proteins belonging to binding (47%), antioxidants (24%) and catalytic 
activity (7%) was observed at the LRD (Figure 3.4 C). Transcription (2%) and translation (5%) 
also became associated with LRD while proteins belonging to electron carriers and molecular 




Figure 3.4: Molecular process predictions of the identified X. schlechteri differentially expressed 
proteins based on GO-annotation. (A). Early response to drying; (B). Mid response to drying and (C). 
Late response to drying. 
79 
 
The GO-terms allocated to the biological processes of X. schlechteri indicated that proteins 
belonging to biochemical processes were increased at LRD when compared to ERD and MRD 
(Figure 3.5). Similarly, this increase at LRD can be seen for the biosynthesis pathway, catabolic 
pathways, cellular and defence response. Proteins belonging to translation increased at MRD 
and continued through to LRD. 
 
 




MapMan analysis, molecular functions and biological processes  
MapMan was also used to obtain functional information of the dehydration responsive  
X. schlechteri proteins where the differentially expressed proteins were assigned to various 
BINs based on MapMan ontology (Table 3.4 A, B and C). A total of 253 proteins of 269 were 
mapped to 25 functional BINs across the dehydration treatments (ERD, MRD and LRD). The 
tables display BIN numbers, BIN names, number of elements which are the proteins allocated 
to each BIN along with the associated probabilities (p-value ≤ 0.05). Significance was tested 
through Wilcoxon Rank Sum, this test is similar to a student’s t-test, where significance is 
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tested based on whether changes within a BIN are more extreme than the changes in all the 
proteins. 
 
Table 3.4 A: Representing upregulated and downregulated X. schlechteri proteins at early response to 
drying. 
 
Bin Name  
Upregulated proteins  
at ERD 
Elements 
(no.of proteins allocated) 
p-value 
35 Not assigned 11 0.676053 
9 Secondary metabolism 2 0.791296 
1 Photosynthesis 1 0.140458 
4 Amino acid metabolism 1 0.140458 
11 Phytohormone action 1 0.259640 
25 Nutrient uptake 1 0.259640 
5 Lipid metabolism 1 0.435156 





(no.of proteins allocated) 
p-value 
7 Co-enzyme metabolism 5 0.785817 
19 Protein homeostasis 4 0.335234 
35 Not assigned 3 0.276986 
3 Carbohydrate metabolism 2 0.045141 
1 Photosynthesis 2 0.920212 
6 Nucleotide metabolism 2 0.920212 
2 Cellular respiration 1 0.127153 
17 Protein biosynthesis 1 0.165518 
22 Vesicle trafficking 1 0.405381 
26 External stimuli response 1 0.488074 
27 Multi-process regulation 1 1 
 
Table 3.4 B: Representing upregulated and downregulated X. schlechteri proteins at mid response to 
drying. 
Bin Name  
Upregulated proteins  
at MRD 
Elements 
(no.of proteins allocated) 
p-value 
35 Not assigned 2 0.029297 
19 Protein homeostasis 2 0.028108 
3 Carbohydrate metabolism 2 0.107347 
5 Lipid metabolism 2 0.941653 
9 Secondary metabolism 1 0.114128 
12 Chromatin organisation 1 0.202622 
2 Cellular respiration 1 0.332880 
17 Protein biosynthesis 1 0.798859 
16 RNA processing 1 0.878482 
26 External stimuli response 1 0.878482 
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Bin Name  
Downregulated proteins 
at MRD 
Elements (no.of proteins 
allocated) 
p-value 
1 Photosynthesis 27 2.71E-04 
35 Not assigned 16 0.481927 
17 Protein biosynthesis 11 0.297923 
19 Protein homeostasis 6 0.855506 
3 Carbohydrate metabolism 5 0.002388 
2 Cellular respiration 5 0.185229 
10 Redox homeostasis 5 0.210305 
4 Amino acid metabolism 2 0.207697 
21 Cell wall organisation 2 0.287358 
18 Protein modification 2 0.575503 
16 RNA processing 2 0.910829 
6 Nucleotide metabolism 2 0.933061 
27 Multi-process regulation 1 0.150744 
26 External stimuli response 1 0.245505 
22 Vesicle trafficking 1 0.442687 
7 Co-enzyme metabolism 1 0.921600 
 
Table 3.4 C: Representing upregulated and downregulated X. schlechteri proteins at late response to 
drying. 
Bin Name   
Upregulated proteins  
at LRD 
Elements (no.of proteins 
allocated) 
p-value 
35 Not assigned 48 3.66E-04 
17 Protein biosynthesis 14 0.350356 
7 Co-enzyme metabolism 5 0.701357 
1 Photosynthesis 4 0.004989 
18 Protein modification 4 0.067196 
5 Lipid metabolism 4 0.776159 
16 RNA processing 4 0.845021 
10 Redox homeostasis 3 0.060389 
19 Protein homeostasis 3 0.213074 
26 External stimuli response 3 0.775051 
9 Secondary metabolism 3 0.806496 
23 Protein translocation 3 0.854240 
2 Cellular respiration 2 0.156297 
3 Carbohydrate metabolism 1 0.086411 
13 Cell cycle organisation 1 0.506139 
14 DNA damage response 1 0.506139 
15 RNA biosynthesis 1 0.551926 
Bin Name  
Downregulated proteins  
at LRD 
Elements (no.of proteins 
allocated) 
p-value 
1 Photosynthesis 16 0.021967 
35 Not assigned 14 0.335041 
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3 Carbohydrate metabolism 6 0.241955 
19 Protein homeostasis 4 0.364960 
10 Redox homeostasis 3 0.497135 
21 Cell wall organisation 2 0.340023 
7 Co-enzyme metabolism 2 0.896482 
17 Protein biosynthesis 2 0.965407 
27 Multi-process regulation 1 0.273913 
26 External stimuli response 1 0.465759 
4 Amino acid metabolism 1 0.584346 
2 Cellular respiration 1 0.715337 




Similar biological processes to the Blast2GO results were also observed using MapMan. There 
was a number of differentially expressed proteins placed in the “not assigned” BIN (BIN 35). 
This suggested that a considerable amount of X. schlechteri proteins were under represented. 
This could be due to the fact that X. schlechteri has only recently been sequenced (Costa et al., 
2017) and there is insufficient annotated information compared to that available for model-
plant organisms such as Arabidopsis thaliana. Nevertheless, a significant amount of proteins 
were identified within the X. schlechteri dataset that had protein annotation information for 
further bioinformatic analyses. Proteins that were successfully mapped to BIN classes showed 
differentially regulated proteins involved in the various biological processes of X. schlechteri.  
 
To obtain a holistic view of the response of X. schlechteri across the dehydration stages (ERD, 
MRD and LRD) and based on the results from the MapMan gene ontology outline above, a 
visual representation of the responses is given in Figure 3.6. Some of these responses, and their 







Figure 3.6: Visual representation of X. schlechteri response to dehydration based on MapMan gene 
ontology. The figure is a visual representation of the gene ontologies associated with the differentially 
expressed X. schlechteri proteins that were mapped to BIN’s in MapMan (see Table 3.4 A, B and C). 
The upregulated and downregulated proteins were mapped across the drying stages, early response to 




While proteins associated with cellular processes are variously upregulated and downregulated 
during the various stages of rehydration, the following discussion will concentrate on the 
predominant trends and highlight the relevance of some of these components in the acquisition 
of desiccation tolerance, in the light of existing literature on drought and particularly vegetative 
desiccation tolerance. 
 
Early response to drying  
 
At ERD several of the upregulated proteins were involved in secondary metabolism. 
Resurrection plants utilise their secondary metabolites for protection against severe water loss 
and stress caused by UV-light damage (Moore et al., 2005; Farrant et al., 2007). Such 
protection enables resurrection plants to gain an advantage over other plant species within their 
particular ecological niche in response to water loss (Gechev et al., 2014). The proteins 
involved in secondary metabolism (Supplementary Table S3.1) were UDP-glycosyltransferase 
(GO:0016758) and chloroplastic polyphenol oxidase (PPO)(GO: 0004097) both which are 
thought to be involved in plant defence against drought (Li et al., 2017; Boeckx et al., 2015). 
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While other roles for UDP glycosyltransferases have been suggested, its role in secondary 
metabolism has been linked to anthocyanin production (Li et al., 2017). Supporting this role in 
X. schlechteri, Sherwin and Farrant (1998) report an increase in anthocyanin production during 
this stage of dehydration, which continues throughout dehydration in this species. Here, 
anthocyanins play a role both in protection against excess light and in an antioxidant capacity. 
Li et al. (2017) found that UDP- glycosyltransferases belongs to the glycosyltransferase family 
in plants and are responsible for controlling many metabolic processes and transferring sugar 
moieties onto small molecules. The researchers also found that overexpression of UDP- 
glycosyltransferase enhanced the tolerance to drought, low temperatures and salt stress in 
Arabidopsis thaliana. PPO catalyses the oxidation of monophenols and/or o-diphenols to o-
quinones with the concomitant reduction of oxygen to water. Several roles for PPO have been 
proposed, including defence against herbivory, pathogens and abiotic stresses, particularly 
those affecting photosynthesis (Boeckx et al., 2015). However, the exact role they might play 
remains equivocal, and may vary among species. 
 
Our study also shows that certain proteins associated with metabolic processes were 
downregulated at ERD (Figure 3.6) and these processes include co-enzyme, carbohydrate and 
nucleotide metabolism. Proteins involved in protein homeostasis and photosynthesis were also 
downregulated. Co-enzyme metabolism had the most number of proteins allocated to this 
processes (Supplementary Table S3.2) and included HEMC Porphobilinogen deaminase 
(GO:0004568), CHLM Magnesium protoporphyrin IX methyltransferase (GO:0004149), 
PORB Protochlorophyllide reductase B (GO:0016630) and CHLP Geranylgeranyl diphosphate 
reductase (GO:0046406), all of which are involved in photosynthesis and chlorophyll 
synthesis.  
CHLP Geranylgeranyl diphosphate reductase (GO:0046406) catalyzes the reduction of 
geranylgeranyl diphosphate to phytyl diphosphate, providing phytol for both tocopherol and/or 
chlorophyll synthesis (Tanaka et al., 1999). Its downregulation thus implies declined synthesis 
of either or both of these molecules. Downregulation of chlorpohyll biosynthesis is consistent 
with the poikilochlorophyllous nature of X. schlechteri. Collett et al.(2003) reported a decline 
in transcription of CHLP geranylgeranyl diphosphate reductase in the poikilochlorophyllous 
sister species Xerophyta humilis, although this occurred only in the MRD at RWC below 60%. 
PORB Protochlorophyllide reductase B is another co-enzyme that was downregulated at ERD. 
This enzyme is involved in the pathway chlorophyll biosynthesis (Garrone et al., 2015) and 
85 
 
thus its downregulation, along with CHLP geranylgeranyl diphosphate reductase is further in 
keeping with the poikilochlorophyllous nature of X. schlechteri. 
Less proteins were associated with carbohydrate metabolism and nucleotide metabolism 
compared to co-enzyme metabolism (Supplementary Table S3.2). Carbohydrate metabolism 
showed downregulation of the 6-phosphogluconolactonase (GO: 0005975) and transaldolase 
(GO: 0015979) which are enzymes that are involved in the pentose phosphate pathway (PPP). 
This pathway is central to plant metabolism in that it parallels or can serve as an alternative to 
glycolysis (Kruger and von Schaewen, 2003). It has two distinct connected phases, namely, an 
oxidative phase and a non-oxidative phase. The non-oxidative phase serves as a precursor for 
nucleotide biosynthesis (Xiong et al., 2009), while the oxidative phase results in conversion of 
hexose phosphates to glyceraldehyde-3-phosphate and CO2 and thus via its role in 
photosynthesis, can in turn affect various aspects of plant growth, chloroplast development and 
stem elongation which ultimately affects the amount of biomass (Dubouzet et al., 2013). 
Modulation of its activity during the ERD in X. schlechteri could possibly slow down 
photosynthesis.  
The protein homeostasis process involved HSP 90 (GO: 0003924) which plays an important 
role in stress response, plant development and disease resistance (Lindquist and Jarosz, 2010). 
HSP 90 is the most abundant HSP, with multiple proposed functions and has been shown to be 
accumulated during the LRD in X. schlechteri, where it has been proposed to predominantly 
play a chaperonin role (Walford et al., 2003; Farrant et al., 2015). The reason for its initial 
decline observed in this study could be due to the fact that it is at ERD, and X. schlechteri is in 
the initial stages of dehydration and does not require this protection. 
Another protein involved in protein homeostasis was RPN8A 26S proteasome non-ATPase 
regulatory subunit 7 homolog A (GO:0004017) which plays a role in the determination of leaf 
polarity (Huang et al., 2006). Asparaginyl endopeptidase (GO:0016630) has a significant role 
in plant defence and seed storage protein maturation (Jackson et al., 2018).   
 
Typical to X. schlechteri, there were photosynthesis-related proteins that were downregulated 
specific to the photosynthesis process. These were Rieske iron-sulfur (GO: 0005515) and 
PNSL1 Photosynthetic NDH subunit of lumenal (GO: 0009765). Studies conducted on Rieske 
iron-sulfur found that it belongs to a complex through which electrons flow allowing energy to 
be used by the carbon source of the plant and was also found to increase photosynthesis by 
10% (Ermakova et al., 2019). PNSL1 Photosynthetic NDH subunit of lumenal is believed to 
be PsbP- like proteins that is involved in photosystem II repair in A. thaliana (Ishihara et al., 
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2007). Interestingly, Collett et al., (2003) showed a decline in PsbP transcripts below 60% 
RWC in X. humilis, confirming the finding here.  
  
Mid response to drying  
As drying continued and X. schlechteri shifted into the MRD, the upregulated proteins 
(Supplementary Table S 3.3) were seen to be predominantly involved in protein homeostasis 
and included HSP70 (Heat shock cognate 70 kDa protein) (GO:0006457) and RUB2 
(Ubiquitin-NEDD8-like protein RUB2) (GO:0005515). Protein homeostasis is the ability of 
the cell to properly manufacture, fold, and deactivate protein molecules, so that the cell can 
respond to both internal and external environments (Díaz-Villanueva, et al., 2015). When stress 
occurs, the co-ordinated synthesis of heat shock proteins (HSP) is brought upon in order to 
combat the damaging effects of protein denaturation (Ellis and van der Vies, 1991, Gething 
and Sambrook, 1992; Parsell and Lindquist, 1993; Morimoto et al., 1994; Netzer and Hartl, 
1998; Miernyk, 1999; Abdalla and Rafudeen, 2012). HSP 70 is known to protect organisms 
from stress by providing cytoprotection against macromolecular damage (Morano and Thiele, 
1999) and have been shown to accumulate during the MRD to LRD in Xerophyta viscosa (Ingel 
et al., 2008; Abdalla and Rafudeen, 2012).  
Carbohydrate metabolism is crucial for cellular protection in resurrection plants (Dinakar and 
Bartels, 2013). This study also showed an upregulation in carbohydrate metabolism at MRD 
and involved UDP-glucose pyrophosphorylase (GO:0006011) and PHS2 Alpha-glucan 
phosphorylase 2 (GO:0005975). Carbohydrate content (sugars) changes drastically and is 
abundant during the different drying stages. Sugars have many roles such as being substrates 
in reactions, having a structural role in many biochemical processes and are transporters as well 
as being storage substances (Fernandez et al., 2017). In resurrection plants, the universal 
presence of high levels of sucrose at the late stages of dehydration have been invoked to act 
inter alia in vitrification of the cytosol and cytoplasm (reviewed in Farrant et al., 2017; Oliver 
et al., 2020). Carbohydrate metabolism brought about the upregulation of UDP-glucose 
pyrophosphorylase (UGPase) which is a key enzyme in sucrose metabolism and carbohydrate 
biosynthesis (Coleman et al., 2006). UGPase is believed to be involved in sucrose metabolism 
where it works in co-ordination with sucrolytic enzymes (namely, SuSy, fructokinase, and 
SPS/SPP) and hexose phosphates (Kleczkowski, 1994). UGPase is an ubiquitous enzyme that 




Lipid metabolism was also upregulated at MRD which involved phospholipase A2 
(GO:0004623) and PLP1 Patatin-like protein 1 (GO:0006629). Phospholipase A2 proteins are 
involved in pathways which ultimately results in the production of jasmonic acid and related 
compounds (Narvaez-Vasquez and Florin-Christensen et al., 1999). Jasmonic acid is an 
important hormone for the regulation of plant development and mediator of abiotic stress (Ruan 
et al., 2019). The rapid activation of phospholipase A2 activity are thought to be involved in 
plant defence related processes (Narváez-Vásquez et al., 1999).  
 
A large number of proteins were downregulated at MRD (Supplementary Table S3.4), these 
included proteins associated with photosynthesis, protein biosynthesis, protein homeostasis, 
carbohydrate metabolism, cellular respiration, redox homeostasis, cell wall organisation, 
protein modification, RNA processing and nucleotide metabolism.  
The largest number of proteins were found to be downregulated in photosynthesis.This is 
attributed to the poikiolochlorophyllous nature of this plant. Upon closer inspection of the 
photosynthetic proteins (Supplementary Figure S3.1 and Table S3.5 A), it can be seen that 
there is a large number of proteins associated with the photosystem II complex (PSII) that are 
downregulated at MRD. Similarly, a host of proteins involved in the Calvin cycle were also  
downregulated (Supplementary Figure S3.1 and Table S.3.5 B-Calvin cycle) all corroborating  
results from a previous transcriptomic study on this species (Costa et al., 2017). When the 
drying of plants occurs, there is a huge decrease in yield which is a result of inhibition of 
photosynthesis (Kalaji et al., 2016). In this condition the plant absorbs more light energy than 
it can consume and the excess energy increases ROS accumulation (as discussed in Chapter 2). 
To survive these changes, plants initiate a series of regulatory mechanisms such as 
photorespiration and the downregulation of photosystem II complex (PS-II) activity (Li and 
Ma, 2012). Thus, examining how X. schlechteri avoids oxidative damage will help future 
drought tolerant plants 
The correlation between photosynthesis, Calvin cycle and cellular respiration is that the product 
of the one process serves as the reactants of the other. 
Protein biosynthesis-related proteins were also downregulated, possibly suggesting a general 
slowing down of translation. These proteins included RPL5 50S ribosomal protein L5 (GO: 
0016620), which is responsible for the synthesis of proteins involved in photosynthetic 
apparatus (Yamaguchi and Subramanian, 2000; Bieri et al., 2016.). Plant serine-threonine 
proteins are known to regulate signal transduction pathways via phosphorylation (Dudek et al., 
1997; Roth et al., 2018).  
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Late response to drying 
Upregulated proteins at the LRD included those involved in processes such as protein 
biosynthesis, co-enzyme metabolism, photosynthesis, protein modification, lipid metabolism, 
RNA processing, redox homeostasis, protein homeostasis, external stimuli response, secondary 
metabolism, protein translocation and cellular respiration (Table 3.4 C, Supplementary Table 
S3.6). The process with the highest number of proteins was protein biosynthesis (14 according 
to Table 3.4 C). Abdalla and Rafudeen, (2012) similarly reported an extensive upregulation of 
such processes in X. viscosa. In desiccation sensitive plants protein biosynthesis ceases at even 
mild levels of drought stress while desiccation tolerant plants are capable of continuing protein 
synthesis until leaves are almost air-dry (Bartels et al., 1990; Gaff et al., 1997). A common 
feature in desiccation tolerant leaf tissue is the upregulation of LEA proteins. A large number 
of LEA proteins were identified at LRD (Table 3.3). It has been reported that LEA proteins 
have a protective role and thus accumulate abundantly in resurrection plants (Michel et al., 
1994; Velasco et al., 1994; Alamillo and Bartels, 1996; Ingram and Bartels, 1996; Ndima et 
al., 2001). Upregulation also included EF-Tu translation elongation factor which are reported 
to be involved in abiotic stress response in plants (Fu et al., 2012). Cellular respiration was also 
found to be upregulated at LRD with an increase in protein (phosphoglycerate kinase- 
GO:0006096) involved in glycolysis. Protein modification and protein translocation were also 
seen to be upregulated at LRD, where protein modification involved S-glutathionylation and 
protein folding. An aqueous environment has been noted to be an essential requirement for 
correct protein folding and that as water is lost. Resurrection plants have an adaptation 
mechanism such as the role of chaperones, to prevent protein degradation and misfolding of 
proteins. (Farrant et al., 2007). This may confer the upregulation of protein translocation and 
RNA processing (Supplementary Table S3.6) which involves a number of chaperone proteins. 
RNA processing may also be upregulated at LRD as X. schlechteri stores RNA required for 
recovery in rehydration particularly for photosynthesis.  
 
At the LRD stage, several proteins involved in photosynthesis, carbohydrate metabolism, 
protein homeostasis, redox homeostasis, cell wall organisation, coenzyme metabolism and 
protein biosynthesis were downregulated. With respect to the proteins downregulated in 
photosynthesis, they included LHCb1/2/3 of LHC-II complex, PsbO and PsaD and their 
downregulation help further minimize potential ROS generation from photosynthetic activity. 
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The redox enzymes (Supplementary Table S3.7) that are present do not denature during drying 
and thus are possibly able to detoxify ROS during LRD (Sherwin and Farrant, 1996; Mundree 
and Farrant, 2000; Farrant et al., 2007).  
 
The co-enzymes that were downregulated at LRD (Supplementary Table S 3.7) were involved 
in the thiamine pathway (THI1-2 Thiamine thiazole synthase 2) (GO:0003993). Thiamine 
biosynthesis was previously linked to oxidative stress responses (Tunc-Ozdemir et al., 2009). 
Thiamine metabolism also plays a protective role against stresses (Settembre et al., 2003). The 
results obtained from the KEGG analysis also showed thiamine metabolism to be represented 
(Supplementary Table S3.8). Previous studies (Tunc-Ozdemir et al., 2009) have found the 
accumulation of thiamine upon stress plays a role in combating ROS induced damage. At this 
stage of the dehydration it can be proposed that X. schlechteri mostly has ROS under control 
and oxidative damage is no longer a threat. 
 
X. schlechteri undergoes an array of distinct changes in metabolic and biological activity in 
response to each drying stage. There seems to be certain biological processes and differentially 
expressed proteins that are involved across the different drying stages. The overall changes 
observed across the drying stages are most likely not only to facilitate drying in X. schlechteri, 




The aims set out for this chapter wer to identify and quantify the differentially expressed 
proteins in X. schlechteri across the three drying stages and to find biological processes that 
play a role in its desiccation response. The process was initiated by a label-free quantification 
approach which helped identify and quantify the differentially expressed proteins. It was 
established that the X. schlechteri differentially expressed datasets were well-represented with 
usable protein descriptions and annotations. A combined number of 517 proteins were 
differentially expressed in response to drying. This was followed by further functional analyses 
using bioinformatics tools that allowed functional classifications for biological processes, 
molecular functions and cellular compartments that were involved in the X. schlechteri drying 
response. These results supported the physiological results (Chapter 2, those reported in 
previous studies on  X. schlechteri (Mundree and Farrant 2000; Farrant et al., 2015; Costa et 
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al., 2017) and other resurrection plants (reviewed in Dinakar and Bartels, 2013; Zhang et al., 
2016).  
 
The gene ontology analyses of the differentially expressed proteins allowed for a visual 
representation of the overall X. schlechteri proteome response at the different drying stages 
(Figure 3.6). Specific X. schlechteri proteins and biological processes that may play a role in 
withstanding the various drying stages were also highlighted. X. schlechteri appears to employ 
and adopt many strategies to withstand drying.  
The aforementioned proteomic and bioinformatic workflow successfully identified and 
quantified differentially expressed proteins and their subsequent functional classification 
allowed certain biological processes and pathways involved in the X. schlechteri desiccation 
reponse to be highlighted. The next chapter will focus on the corresponding metabolome at the 
























A metabolomic approach to investigating the drying response of X. schlechteri and 




Metabolomics has been used to study the response of plants to environmental stresses such as 
drought as it allows the quantification and identification of metabolites which may play an 
important role in drought tolerance (llakhverdiev et al., 2008; Arbona et al., 2013). With 
respect to crop plants and their stress responses, metabolomics also allows key biological 
processes to be identified and serves as a tool for biomarker discovery (Oikawa et al., 2008; 
Simó et al., 2014). These potential biomarkers could be integrated into marker-assisted 
breeding strategies in order to enhance the selection of plants with desired traits (Tuberosa and 
Salvi, 2006). Metabolomics ultimately plays an important role in bridging the gap between 
phenotype-genotype studies and for enriching and complementing data of functional 
ontological analyses obtained from genomics, transcriptomics and proteomics (Parida, 2018). 
Importantly, metabolomics can also be used to validate proteomic data in order to confirm the 
differential expression of the proteins or support the role of identified biological processes and 
pathways (Chagoyen and Pazos, 2013).  
Traditionally, validation of proteomic data was done using Western blots, biochemical assays 
or measuring the corresponding mRNA abundance of selected differentially expressed proteins 
in the proteome dataset (Vogel and Marcotte, 2012; Payne, 2015). Metabolomics offer several 
advantages compared to the traditional approaches of validation. A metabolite, be it a sugar, 
amino acid or hormone, that is identified and quantified in parallel with a proteomic study, is 
the functional product of a pathway as a result of specific differentially expressed proteins. The 
epigenetic nature of the proteome is also reflected in the metabolome (Mhlongo, et al., 2018). 
This is not the case where mRNA abundance is used for validation due to mRNA degradation 
or differences in translational efficiency (Vogel and Marcotte, 2012; Payne, 2015). Lastly, 
metabolomics allows the identification of many metabolites compared to biochemical assays 
which are often specific for a selected enzyme or metabolite.  
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Label-free quantification analysis (LFQ) is becoming a common and established technique for 
analysing the proteome.  The amount of data obtained from LFQ is very large compared to 
traditional proteomic approaches such as two-dimensional MS proteomics and it is therefore 
more suitable to validate subsets of the LFQ data using metabolomics. 
The rationale behind this chapter was to use a metabolomics approach to investigate specific 
phytohormones, amino acids, sugars, sugar alcohols, fatty acids and/or organic acids in X. 
schlechteri in response to dehydration. Investigating the abundance or presence of these 
metabolites will help validate data from the proteomic study and may shed further light on the 
biological processes involved in the adaptations of X. schlechteri to dehydration. 
 
The aim of this chapter 
The aim of this chapter was to employ the GC-MS and LC-MS methods to observe the 
abundance of sugars, sugar alcohols, fatty acids, organic acids, phytohormones and amino acids 
of X. schlechteri in response to drying across ERD (~80-70% RWC), MRD (~60-40% RWC) 
and LRD (~40-10% RWC) compared to the hydrated (100% RWC) control. As indicated 
above, this is, in part, to validate the proteome study outlined in Chapter 3.  
The metabolomic analyses were also conducted in parallel on maize plants subjected to 
dehydration to ~ 60-50% RWC compared to hydrated control, in order to contrast the response 
of a desiccation sensitive plant species with a desiccation tolerant one at these RWC points. 
The RWC threshold in the range of 60-50% was selected because according to Chapter 2, the 
antioxidant enzymes retained some activity at 50% RWC in maize, suggesting that tissues had 




Materials and method 
Plant material and sampling 
X. schlechteri and maize were maintained and dehydrated as described in Chapter 2. In the case 
of X. schlechteri, five plants and leaf tissue of similar size were used as biologicals and three 
leaves per biological were sampled at each time point during the dehydration. In the case of 
maize, 5 of the 40 plants were kept aside, were kept fully hydrated by frequent watering and 
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served as the hydrated control.  As previously determined (Chapter 2) the rest of the maize 
plants were subjected to dehydration by withholding water at the V12 stage. The leaf water 
content was determined on each of the five plants at each sampling point. 
 
Extraction and derivatization of metabolites 
Extraction and derivatization of metabolites were conducted according to Lisec et al., 2006. 
Leaf material from the different stages of dehydration were ground into a fine powder in liquid 
nitrogen using a mortar and pestle. Samples were accurately weighed, and 100 mg of finely 
ground material was placed in a 2 ml round bottom tube with a cap and rapidly placed in liquid 
nitrogen. Pre-cooled 1.4 ml of methanol was added. The samples were vortexed for 10 seconds, 
after which 60 µl of ribitol (0.2 mg/mlˉˡ stock in dH2O) was used. The ribitol served as an 
internal quantitative standard. The samples were vortexed once again for 10 seconds and then 
shaken for 10 minutes at 70°C in a thermomixer. The samples were centrifuged for 10 minutes 
at 11 000 g, transferred to a Schott GL 14 vial followed by the addition of 750 µl of chloroform. 
Approximately 1.5 ml of dH2O was added and vortexed for 10 seconds. The samples were then 
centrifuged for 15 minutes at 2200 g and 150 µl from the upper phase (polar phase) was 
transferred into a fresh 1.5 ml tube. The sample was then vacuumed concentrated. The tubes 
were filled with argon gas, to prevent oxidation and placed in a plastic bag containing silica 
bead desiccant and frozen at -80°C. Before derivatization, samples were freeze-dried for 30 
minutes. The derivatization process begins with the addition of 40 µl methoxyamination 
reagent to the aliquots. One empty tube was used as a derivatization control. The samples were 
shaken for 2 hours at 37°C, while N-Methyl-N-(trimethylsilyl) trifluoroacetamide (MSTFA) 
was prepared with 20 µl of retention standard mixture. Approximately 70 µl of MSTFA 
prepared solution was added to the aliquots. The aliquots were then shaken for 30 minutes at 
37°C and transferred to glass vials suitable for GC-MS analysis. The library of standards used 
in this study was prepared in the same manner, using a mixture of amino acids, sugars, 
phytohormones, organic acids and fatty acids. Amino acids (alanine, 5-oxoproline, L-serine, 
aspartic acid, serine, L-histidine, glycine, L-phenylalanine, valine, proline, norleucine, 
tyrosine, methionine, asparagine, lysine and tryptophan); sugars (galactose, fructose, glucose, 
erythritol , raffinose, sucrose and cellobiose); sugar alcohols ( myo-inositol, sorbitol , mannitol 
and arabitol); organic acids (malic acid, citric acid and lactic acid); fatty acids (quininic acid, 
palmitic acid and stearic acid) and phytohormones (Gibberellic acid (GA), jasmonyl-l-
94 
 
isoleucine (JA lle), salicylic acid (SA), indole-3-carboxylic acid (ICA), jasmonate (JA), indole-
3-acetic acid (IAA-Asp), abscisic acid (ABA) and indole-3-butyric acid (IBA)) were run 
individually. 
 
GC MS/MS metabolite profiling of amino acids and sugars, sugar alcohols, organic  
acids and fatty acids 
  
Experiments were performed on a model 7000C gas chromatograph equipped with a 7693 
autosampler and interfaced to a 7000A Triple Quadrupole mass spectrometer (Agilent 
Technologies, Santa Clara, CA, USA). The GC injection port temperature was set at 230°C 
and 1 μl of sample was injected using the autosampler setup which was in split-less mode with 
helium carrier gas flow set to 2 ml per minute. The electronic pressure control was enabled to 
keep the flow rate constant. The split ratio was adjusted to 1:25. The initial oven temperature 
was 80°C isothermal for 2 minutes followed by 15°C per minute ramp to 330°C and the 
temperature was held for 6 minutes. Analytes were separated on an Agilent HP-5ms column of 
30 m length and 250 µm internal diameter. The HP5-ms is a low-polarity column with a (5%-
Phenyl)-methylpolysiloxane stationary phase suitable for high-resolution separation of TMS-
derivatised compounds (Agilent, Germany). The remaining monitored chromatography time 
proceeded with a 170-s solvent delay with filaments turned off. The mass spectrometer was 
configured for Electron Impact (EI) ionisation at -70 eV with the recorded mass range of m/z 
70 to m/z 600 at 20 scans per second, manual mass defect was set to 0 and the detector voltage 
was ~1700-1850 V. MassHunter B.05 GC MS/MS software (Agilent, Germany) was used to 
identify and quantify metabolites from the spectrum using Acquired spectrum data identifying 
metabolites using known standards given above and the internal standard, ribitol. 
 
LC/MS metabolite profiling of phytohormones 
The phytohormones were run on AB sciex Qtrap 4000 LC-MSMS system coupled to an 
ACQUITY UPLC Waters. The column temperature was set to 40°C and an injection volume 
of 2 μl. The flow rate was 0.4ml/min and MS mode set at all ion fragmentation (AIF) with 
maximum injection time of 100 ms. Automatic gain control value was set at 1.00E+06. The Q-
Exactive mass spectrometer features HCD (higher collisional dissociation) with an energy scale 
set at 30.0 eV. The recorded scan range MS was 100‐1500 m/z with a capillary voltage of 3 
kV. Auxiliary gas flow was 20 au with a capillary temperature of 200°C.The drying gas 
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temperature was 350°C and skimmer voltage 25 V and tube lens 130 V. Samples were analysed 
in positive ionization mode, followed by the same samples analysed in negative ionization 
mode.   
 
Data processing 
The chromatogram data obtained from both the GC MS/MS and LCMS was analysed in 
Openchrom 1.3 (https://www.openchrom.net/download) with Savitsky-Golay smoothing using 
the AMDIS and NIST MS (https://chemdata.nist.gov/mass-spc/ms-search/) libraries to identify 
specific metabolites. MetaboAnalyst version 4 (https://www.metaboanalyst.ca/) (Chong et al., 
2019) was used to do comparative statistics using ANOVA with Fisher’s PLS-DA method and 
t-test to compare relative abundance across samples. The statistical tests generated dimension 
reduction which results in a score plot which distinguish variances in the dataset (Szymanska 
et al., 2012). These results were further validated by performing heatmap hierarchical clusters 
based on difference in the respective metabolites across the drying stages. The hierarchical 
















Results and discussion 
The changes in the metabolic profiles of the leaf samples of X. schlechteri and maize 
respectively were analysed during dehydration. The metabolites that changed significantly in 
abundance were used to validate and correlate the previous proteomic data (Chapter 3).  
 
Variance of metabolites across the drying stages in X. schlechteri 
It was important to first determine whether there was a difference in the metabolites during 
dehydration. Score plots were therefore conducted to investigate the variance of the metabolites 
(amino acids, sugars, sugar alcohols, organic acids, fatty acids and phytohormones) and the 











The score plots for the metabolites (Figure 4.1) clustered separately for the different drying 
stages with component 1 at 24.5 % and component 2 at 13.1% of variance. In summary, these 
plots show that the respective metabolites in X. schlechteri leaf material varied between the 
three drying stages. Amino acid, sugar, sugar alcohol, organic acid, fatty acid and 
phytohormone analyses in X. schlechteri leaf tissue. 
 
Figure 4.1: Scores plot based on principal components analyses of selected metabolites in X. 
schlechteri leaf material across the dehydration. Each circle represents a biological repeat 
while each colour represents the different drying stages. The variance with component 1 at 
24.5 % and component 2 at 13.1%. The red circle represents early response to drying (ERD), 
blue circles represents mid response to drying (MRD) and green represents late response to 




Heatmap hierarchical clusters were used to illustrate the abundance of the different 








Figure 4.2: Heatmap of differentially abundant selected metabolites in X. schlechteri. Heatmap of (A). 
Amino acids across drying stages; (B). Sugars across drying stages; (C). Sugar alcohols across drying 
stages; (D). Organic acids across drying stages; (E). Fatty acids across drying stages and (F). 
Phytohormones across drying stages. The ‘class’ shown on the right side of the heatmap lists the 
metabolites. The drying stages represented are early response to drying (ERD), mid response to drying 
(MRD) and late response to drying (LRD). Shades of maroon represent high abundance of metabolites 





All 16 amino acids for which standards were used showed significant changes in their 
abundance in X. schlechteri across the drying stages (Figure 4.2 A).  
Alanine, 5-oxoproline, L-serine, aspartic acid, glycine and serine were shown to be highly 
abundant at ERD. Both L-alanine and β-alanine are involved in multiple stress responses in 
plants (Parthasarathy et al., 2019) and are associated with replication, recombination and 
repair, transcription, signal transduction mechanism, amino acid transport, ribosomal structure 
and biogenesis, translation, coenzyme transport and metabolism. Previous studies 
(Parthasarathy et al., 2019) found that alanine plays important roles in plant physiology, 
metabolism and defence. High and increased levels of alanine during ERD in X. schlechteri 
have been reported by Radermacher et al., (2019) and have been proposed by those to play a 
role in osmoprotection (Oliver et al., 2011a). Alanine is thought to link Gamma aminobutyric 
acid (GABA) metabolism with glycolysis (Igamberdiev and Kleczkowski, 2018) and is the 
third most important anaerobic metabolism product (Sousa and Sodek, 2002). 
  
The glutamate pathway (Supplementary Figure S 4.1) seems to be significant at the ERD stage 
in X. schlechteri. Glutamate and glutamine are derived from the assimilation of nitrate and 
ammonium in plants. Ammonium is assimilated into glutamine and glutamate via the glutamine 
synthetase (GS)/glutamine-oxoglutarate aminotransferase (GOGAT) cycle (Lea and Miflin, 
1974, Tabuchi, 2007). Glutamine and glutamate can be derived from other amino acids such 
as arginine and proline (Forde and Lea, 2007). Glutamate has many functions such as in protein 
synthesis and is a major amino acid donor for the synthesis of nitrogen compounds and amino 
acids (Forde and Lea, 2007). It is also required for the synthesis of glutathione (GSH), a 
tripeptide of cysteine and glycine and an intracellular antioxidant in plants (Lu, 2013). It can 
be converted into GABA via glutamate decarboxylase (GDC). GABA and alanine rapidly 
accumulate in response to abiotic stress in order to modulate plant growth (Shelp, 1999; Bouche 
and Fromm, 2004; Bown et al., 2006; Reggiani et al., 2000). In addition, glutamate has been 
implicated in root architecture (Walch-Liu et al., 2006; Forde and Walch-Liu, 2009) and 
calcium signalling (Dennison and Spalding, 2000). In Arabidopsis thaliana glutamate was 
found to inhibit primary root growth while stimulating the outgrowth of lateral roots (Walch-
Liu et al., 2006). Previous studies have shown that 5-oxoproline, also known as pyroglutamic 
acid, is involved in the glutamine pathway (Mazelis and Pratt, 1976). Recently it has been 
shown that when this metabolite is applied as a treatment to lettuce under water deficit stress it 
can increase the yield by 31% through enhancing photosynthesis and plant stress defence 
responses (Jiménez-Arias et al., 2019). The increase of 5-oxoproline at ERD in X. schlechteri 
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could therefore have contributed in enhancing the stress defence responses before the 
subsequent decrease observed at MRD and LRD. 
The other amino acids that were also found to be abundnat at ERD were L-histidine and L-
phenylalanine. L-histidine plays a critical role in plant growth and development (Ingle, 2011), 
while L-phenylalanine is involved in the synthesis of flavanoids and plays a role in plant 
defense (Ishihara et al., 2008). The importance of L-phenylalanine is further emphasised by 
the fact that 20-30% of photosynthetically fixed carbon is directed towards its synthesis (Yoo 
et al., 2013). Glycine was also seen to be abundant at ERD and this was also noted previously 
in the proteomics analyses where the glycine, serine and threonine KEGG pathways were 
highlighted (Chapter 3, Supplementary Table S3.10 and Figure S3.4). Previous studies have 
shown glycine to accumulate in the cytoplasm serving to stabilize and protect membranes and 
enzymes during stressful conditions (Winzor et al., 1992). 
As X. schlechteri shifted into MRD the accumulation pattern of amino acids changed as well, 
where alanine, 5-oxoproline, L-serine, aspartic acid, serine and L-histidine were shown to be 
less abundant. Alanine as mentioned before is associated with many processes including 
transcription and translation and it was previously observed that alanine-tRNA ligase was also 
downregulated in the proteomic data (Chapter 3, Table 3.2 and 3.3). L-phenylalanine, valine, 
proline, norleucine, tyrosine, methionine, asparagine and lysine were seen to be highly 
accumulated at MRD when compared to ERD. Tryptophan continued to be less abundant at 
MRD.  
There was also a change in amino acid abundance and pattern as X. schlechteri shifted into 
LRD. Alanine, 5-oxoproline, L-serine and aspartic acid were seen to be less abundant while 
serine and L-histidine have increased in abundance from MRD to LRD. L-phenylalanine, 
valine and proline became less abundant at LRD compared to MRD. Norleucine, tyrosine, 
methionine, asparagine and lysine continued to be present in higher levels than ERD. 
Tryptophan however became highly abundant at LRD, confirming the observation of 
Radermacher et al., (2019) on X. schlechteri during drought stress. Previous studies have 
shown that tryptophan plays a key role in defence response and the regulation of plant 
development (Ishihara et al., 2008).  
Amino acid accumulation during drying stages has been reported to play a key role in tolerance 
to drought stress (Joshi et al., 2010) and desiccation tolerance (Yobi et al., 2019). Amino acids 
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either serves as osmotic adjusters or mobilize the formation of new proteins which are used to 
improve the plants response to drought (Campalans et al., 1999). In the case of resurrection 
plants, they are also proposed to act as osmoprotectants and as nitrogen stores required for 
recovery on rehydration (Oliver et al., 2020). 
There was a change in the sugar profile across the dehydration stages (Figure 4.2 B) with 
galactose, fructose and glucose being abundant at ERD. The other sugars that were relatively 
abundant at ERD were the sugar alcohols - myo-inositol, sorbitol and erythritol. Malic acid the 
cyclitol quinic acid, were also relatively high at the ERD. Raffinose, sucrose, cellobiose and 
the sugar alcohols, mannitol and arabitol were less abundant at ERD, as were the organic acids 
citric and lactic acid and the fatty acids stearic and palmitic acids. As X. schlechteri shifted into 
MRD, galactose, fructose, glucose and erythritol were seen to be less abundant. Mannitol was 
less abundant at ERD and MRD compared to LRD. Sucrose, raffinose, arabitol, palmitic acid, 
cellobiose and the organic acids citric, malic and lactic acid, together with quinic and stearic 
acids became abundant at MRD. The increase in sucrose at this stage of dehydration has been 
previously reported for X. schlechteri (Radermacher et al., 2019) and the present study suggests 
that this correlates with the decline in fructose and glucose. Interestingly, raffinose peaks at 
this stage of dehydration (Figure 4.2 B). This sugar, together with sucrose, has been proposed 
to play a role in vitrification of the cytosol at the LRD (Berjak et al., 2007; Farrant et al., 2007; 
2017) and accumulation of this sugar in the mid to late stages of drying has been reported for 
some (e.g. Peters et al., 2007; Liu et al., 2019) but not all resurrection plants, this often being 
substituted for other Raffinose Oligosaccharides (RFO’s) (Farrant et al., 2017).  
With respect to increase in the organic acids at this stage of dehydration, citrate accumulation 
has been shown to occur in X. schlechteri (Radermacher et al., 2019) and in several other 
resurrection plants examined (Mundree and Farrant, 2000). It has been proposed that such 
accumulation could be the result of the shutdown of the tricarboxylic acid (TCA) cycle (Oliver 
et al., 2020). Furthermore, together with sucrose and some amino acids, citric acid has been 
proposed to form Natural Deep Eutectic Solvents (Choi et al., 2011, Dai et al., 2013) which in 
turn have been proposed to stabilize the subcellular milieu in the desiccated state (Farrant et 
al., 2017). There was a temporary increase in malic acid, lactic acid and quinic levels at the 
MRD. 
However, it has been noted that the reasons for malic acid accumulation in the apoplast may 
not be due to drought stress per se, but rather as part of the stomatal regulatory system that 
works synergically with ABA (Wilkinson and Davies, 2002). A decrease in the accumulation 
of malic acid at LRD could be due to the TCA cycle shutdown. The other organic acid, lactic 
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acid is the product of anaerobic respiration and its accumulation here is not a commonly 
observed phenomenon in plants, but its production in bacteria has been shown to act as an 
antioxidant (Ding et al., 2017).  
 
Galactose, fructose and glucose continued to be less abundant at LRD, and there was a decline 
in cellobiose and the sugar alcohols, sorbitol and myo-inositol, as has been previously reported 
(Radermacher et al., 2019). Similarly, the organic acids and fatty acids were also less abundant 
at LRD. There was an increase in abundance in mannitol, erythritol, raffinose, arabitol and 
sucrose at LRD. In previous studies myo-inositol was implicated as a precursor of many 
metabolites with regards to abiotic stress tolerance (Obata et al., 2015) and functioning as an 
osmolyte and signalling molecule (Cote and Crain, 1993; Kaur et al., 2013). Myo-inositol is a 
key component of the RFO pathway where together with UDP-galactose it forms galactinol 
through the galactinol synthase activity (Elsayed et al., 2014). Galactinol in turn serves as a 
galactosyl residue to sucrose via different enzymes such as raffinose synthase and stachyose 
synthase to form raffinose and stachyose. Use of these pathways in production of RFOs has 
been demonstrated in the resurrection plant Xerophyta viscosa and the decline in myo-inositol 
in the current study is proposed to be as a consequence of the increased levels of raffinose in 
the later stages of drying (Peters et al., 2007; Lehner et al., 2008). These RFOs in turn have 
several functions such as serving as compatible solutes involved in stress tolerance, 
antioxidants, and help in carbon partitioning in response to stress (ElSayed et al., 2014). Myo-
inositol is also thought to play an important role in controlling the hormone auxin where it can 
bind to auxin and temporarily form an inactive conjugate (Bandurski, 1979). It is thought that 
these inactive conjugates allow for safe storage and transport of auxins thereby regulating its 
availability during stress or other physiological responses (Bandurski, 1979). Our results show 
an increase of myo-inositol and raffinose at MRD and a decrease at LRD (Figure 4.2 B and C) 
suggesting that the protection afforded to X. schlechteri via myo-inositol and RFOs occurs 
early in the desiccation tolerance response. The increase in mannitol can also be seen, previous 
studies have reported mannitol to be possibly playing a role in both abiotic and biotic stresses 
(Stoop et al., 1996). 
As previously reported, a common response to plant desiccation tolerance in the late drying 
stage is the high accumulation of certain sugars (reviewed in Berjak et al., 2007; Bartels and 
Hussain, 2011; Farrant et al., 2015; Dinakar and Bartels, 2013, Elsayed et al., 2014). The 
sugars that accumulated at LRD are proposed to have protective mechanisms such as anhydrous 
glass formation (Crowe et al., 1998; Hoekstra et al., 2001), cytoplasm vitrification (Leopold 
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and Vertucci, 1986; Vertucci and Farrant, 1995) and stabilizing membrane proteins  (Hartung 
et al., 1998; Oliver et al., 1998). Raffinose which were found to be accumulated at MRD and 
LRD, is synthesised via galactose and myo-inositol being linked in the activated galactinol 
molecule. Raffinose are thought to be part of the stress tolerance mechanisms by protecting 
plant cells from oxidative damage caused by stress (Nishizawa, 2008; Peshev, 2013). However, 
it was also observed that certain sugars were also less abundant at LRD and more abundant at 
MRD (Figure 4.2 B).  
Phytohormones, play a vital role in response to drought and other abiotic stresses (Wani et al., 
2016). A total of nine phytohormones were investigated across the drying stages in X. 
schlechteri (Figure 4.2 F). It was observed that at ERD, five phytohormones were found to be 
abundant and four less abundant. Gibberellic acid (GA), Jasmonyl-l-isoleucine (JA-lle), 
salicylic acid (SA), indole-3-carboxylic acid (ICA) and jasmonate (JA) were found to be 
abundant at ERD. GAs functions throughout the plant life cycle and is a growth hormone 
involved in cell elongation and enhancing cell division (Wang et al., 2008; Colebrook et 
al., 2014). JA has been reported as being a central pathway to regulating plant defence and 
consists of a cascade of jasmonic acid derivatives collectively known as jasmonates (Erb et 
al., 2012; Wasternack and Strnad, 2016). Indole-3-acetic acid Asp (IAA-Asp), abscisic acid 
(ABA), Indole-3-acetic acid (IAA) and Indole-3-butyric acid (IBA) were less abundant in X. 
schlechteri at ERD. As X. schlechteri shifted into MRD the GA, JA-lle, SA, ICA, JA and ABA 
were less abundant while all the auxin conjugates became abundant. 
GA, JA-lle and IAA-Asp were less abundant at LRD while SA, ICA, JA, ABA, IAA and 
Indole-3-butyric acid (IBA) were abundant. SA was previously reported as a signalling 
molecule, playing a vital role in development, plant growth, flowering and defence during 
abiotic stress (Chen et al., 2009; Khan et al., 2015; Miura and Tada, 2014). ABA has also been 
reported as a central hormone in abiotic stress and is involved in drought tolerance, root 
development, stomatal regulation and the initiation of the ABA dependant pathway (Ullah et 
al., 2018) and has been invoked in desiccation tolerance in all studies in which this hormone 
was measured (Vicré et al., 2004). Though abiotic stress is mediated mostly by ABA, SA and 
JA, the overall stress response is not restricted to these phytohormones and there is crosstalk 
between phytohormones and other second messengers in regulating the defence response 
(Nakashima and Yamaguchi-Shinozaki, 2013; Nishiyama, 2013). The increase in auxins 
during late stages of drying is of note and in the only other study on auxins in resurrection 
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plants by Vicre et al. (2004), Craterostigma wilmsii similarly showed an increased presence in 
the late stages of drying.  Those authors have invoked a role for the need for root regeneration 
on rehydration.  
 
 
Validation and comparison of selected X. schlechteri proteins from proteomic dataset 
with metabolomic data 
 
The X. schlechteri proteomic dataset from Chapter 3 provided a list of differentially regulated 
proteins in response to dehydration. Gene ontological analyses of some of these proteins 
showed their involvement in biological processes or in pathways linked to plant stress 
responses. The proteome in many instances give rise to the metabolome and therefore the role 
of selected proteins in a biological process can be validated or supported by corresponding 
metabolomic data. The metabolomic profile is influenced by proteins through enzymatic 
activities, pathways and transport while changes in protein expression may be affected by 
metabolite concentrations (Ghoumari et al., 2003). A combination of these ‘omic’ approaches 
may provide a more comprehensive understanding of the biological function (Kitano, 2002). 
In addition, the benefit of comparing proteomic and metabolomic data under the same stress is 
often the similarity of the metabolic pathways and metabolites identified in each approach 
(Peng et al., 2015). 
 
In the present study we integrated the X. schlechteri proteomic and metabolomic data in 
response to dehydration for validation and comparison. An overview of the corresponding  
X. schlechteri metabolites and proteins together with the functional category, molecular 
function and biological process across the drying stages can be seen in Tables 4.1 A, B and C. 
The abundance and decrease of metabolites were compared to the X. schlechteri protein 
expression obtained in the proteomic dataset (Chapter 3, Table 3.1). In addition, Supplementary 
Table S4.2 shows the pathways that were important in X. schlechteri stress response obtained 
with KEGG. 
 
Table 4.1 A: Early response to drying and the corresponding metabolites and proteins. 
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Table 4.1 B: Mid response to drying and the corresponding metabolites and proteins. 
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Table 4.1 C: Late response to drying and the corresponding metabolites and proteins. 
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The metabolome and proteome are a direct reflection of the functional status of the cells and 
associated biological profile as it changes in response to stress at a given point in time (Zhang 
et al., 2014; Patel and Ahmed, 2015). The inter-connectedness between the proteome and 
metabolome involves numerous pathways and biological processes which can help identify key 
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stress tolerance mechanisms. In addition, differentially regulated proteins or metabolites 
obtained from proteomic or metabolomic datasets from the same experiment can be cross 
validated between each dataset to confirm their regulation. It can be noted in our study that the 
metabolomic abundance profile complements the differential expression of the selected X. 
schlechteri proteins across the drying stages (Table 4.1 A, B and C) and provides further 
confirmation of pathways associated with X. schlechteri upon drying (Supplementary Table 
S4.2).  
 
Variance of metabolites across two drying stages in maize 
 
As mentioned previously in Chapter 2, it is important to contrast and compare the overall 
changes in X. schlechteri with a desiccation sensitive plant such as maize.  
 
 
Figure 4.3: Scores plot based on Principal Components Analyses (PCA) of select metabolites in maize 
leaf material across hydrated and dehydrated points. Each circle represents a biological repeat while 
each colour represents the hydrated and dehydrated points respectively with green circle indicating 
hydration and the red circle indicating dehydration. Metabolite variance with component 1at 40.1% and 
component 2 at 21.7%.  
 
 
We performed a parallel metabolomic investigation; focussing only on amino acids, sugars, 
sugar alcohols, organic acids and fatty acids; using maize leaf samples at two drying stages, 
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hydrated (100% RWC) and dehydrated ~ 60-50% RWC. The score plots for the metabolites 
(Figure 4.3) had the hydrated and dehydrated samples cluster very far from each with 
component 1 at 40.1 % and component 2 at 21.7 % of variance. In summary, these plots show 
that the respective metabolites in maize leaf tissue varied between the hydrated and dehydrated 
samples. 
 
Amino acid, sugars, sugar alcohols, organic acid and fatty acid analyses in maize leaf 
tissue 
 
A total of 17 amino acids were analysed in maize in hydrated and dehydrated samples using 
heatmap hierarchical clustering (Figure 4.4). In the hydrated samples, 7 amino acids were 
abundant and 10 were less abundant. The dehydrated samples showed a total of 10 abundant 
amino acids and 7 were less abundant. L-tryptophan, 5-oxoproline, L-norleucine, L-
methionine, serine, isoleucine and L-proline were found to be abundant in the hydrated samples 
and less abundant as maize shifted into the dehydrated state. Asparagine, L-serine, alanine, 
valine, L-tyrosine, L-histidine, L-phenylalanine, aspartic acid and tryptophan were less 
abundant in the hydrated samples and abundant in dehydrated samples. Our results indicate 
that there was a larger accumulation of amino acids in dehydrated compared to the hydrated 
samples. This is supported by previous studies which show that many amino acids accumulate 
under drought stress (Rai, 2002). The accumulation could be due to metabolic distress initiating 
the increase in osmolality by holding onto water thus changing protein synthesis. 
Though previous studies have shown an accumulation of proline to be associated with stress in 
plants (Lui and Zhu, 1997), our results show less abundance of proline in the dehydrated tissue. 
Previous studies have also shown proline accumulation was higher in drought tolerant then 
drought sensitive plants (Yoshiba et al., 1997) and it has been suggested that proline 
accumulation may be an adaption process to withstand water stress but only over short periods 
(Jäger and Meyer, 1977). The decline in proline observed in the current study is counter to 
these proposals of its role. However, the maize in the present study did not survive beyond 
~60-50% RWC, which is also the only drying stage at which proline was measured. It is 






Figure 4.4: Heatmap of differentially abundant selected metabolites in maize across hydrated and 
dehydrated states, the ‘class’ shown on the right side of the cluster lists the metabolites. (A). Amino 
acids of dehydrated and hydrated samples, (B). Sugars of dehydrated and hydrated samples, (C). 
Sugar alcohols of dehydrated and hydrated samples (D). Organic acids of dehydrated and hydrated 
samples (E). Fatty acids of dehydrated and hydrated samples. Maroon representing high abundance 
metabolites and blue representing low abundance metabolites. 
 
 
The abundance of selected sugars were also measured in hydrated and dehydrated samples of 
maize leaf tissue (Figure 4.4). A total of 6 sugars, 3 sugar alcohols, 4 organic acids and 2 fatty 
acids were examined, and in the hydrated samples, 7 of these metabolites were abundant and 
12 were less abundant and the opposite was seen in dehydrated samples. Mannose, malic acid, 
lactic acid, arabitol and fructose were abundant at the hydrated samples and less abundant in 
dehydration. Our results indicate galactose, myo-inositol, sorbitol, sucrose, palmitic acid and 




An overview of the metabolite accumulation differences in X. schlechteri and maize 
The differences or similarities of metabolite accumulation between the desiccation tolerant  
 X. schlechteri and desiccation sensitive maize may provide insight into strategies to survive 
drought. Although absolute values of metabolites were not determined, this would refer to 
changes in trends in abundance during a dehydration time course in this study. The key 
differences in the level of accumulation between maize to X. schlechteri are summarized in 
Figure 4.5 below. 
  
In general, plants respond to severe water loss depending on the genotype, species, the severity 
of the drought and the developmental stage of the plant. Previous studies have shown that 
amino acids play an important role in protein synthesis, signalling processes and stress 
tolerance in plants (Hildebrandt et al., 2015; Rai et al., 2002). In addition, the accumulation of 
amino acids differs and changes depending on the physiological and developmental state of the 
plant. A decrease in accumulation of amino acids contributes to the energy state of the plant 
and is often a reflection of its physiological conditions where it could for example be 
experiencing severe water loss (Rosa et al., 2009). Under severe water deficit stress, plants 
tend to generally decrease protein synthesis and enzyme regulation (Good and Zaplachinski, 
1994) and increase protein degradation (Huang and Jander, 2017). However, there is a 
regulated shut down of these processes in resurrection plants, whereas in desiccation sensitive 
plants, such processes are associated with senescence and/or unregulated metabolism due to 
the consequences of severe water loss (Moore et al., 2008; Farrant et al., 2017; Oliver et al., 
2020).  Amino acid accumulation has been observed in many resurrection plants during severe 
water loss (Tymms and Gaff, 1978; Gaff and McGregor, 1979).  
Amino acids such as alanine were in high abundance at ERD in X. schlechteri and as drying 
continued and X. schlechteri shifted into MRD the accumulation of alanine decreased. In 
contrast, in maize leaf tissue, alanine was at low abundance in hydrated samples and in high 
abundance in dehydrated samples. Methionine and proline were abundant in hydrated maize 
tissue but less abundant in dehydrated maize tissue while methionine increased in both MRD 
for X. schlechteri while proline increased in MRD (Figure 4.5). These observations and 
difference in amino acid abundance between the two plant species indicate that there are 
differences in the drying strategies between these two plant species. Previous studies have 
found methionine to be important in human food and animal feed leading to many efforts being 
made to produce plants having higher methionine content (Amir, 2008). Apart from the 
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nutritional importance, methionine is also important in plant cells as it plays a role in protein 
constitution, initiation of mRNA translation and regulating a number of cellular processes 
(Amir, 2008). In addition, methionine is also thought to be involved in the protection of cells 
against ROS-induced stress (Le et al., 2013). This could be the reason of the accumulation of 
methionine in X. schlechteri. L-proline was observed to be abundant in hydrated samples and 
then less abundant in the dehydrated samples of maize. In X. schlechteri, L-proline was less 
abundant at ERD, and as the shift occurred into MRD, L-proline became abundant. Previous 
studies have shown that proline accumulation occurs as a result of water loss and are thought 
to play a role in drought tolerance (Verbruggen and Hermans, 2008; Yang et al., 2010; Sharma 
et al., 2011). As previously mentioned the lack of proline accumulation seems to be a feature 
of some drought sensitive plants and was also observed in previous studies (Yang et al., 2018). 
Drought sensitive maize line, B73, showed low levels of glutathione metabolites for example, 
proline, glutamate and 5-oxoproline upon drought. Both proline and 5-oxoproline 
(pyroglutamic acid) were less abundant in the maize leaf tissues in the current study. The 
pattern of amino acid accumulation in maize might indicate onset of senescence (Watanabe et 
al., 2013). 
 
In plants, sugars play a key role in respiration, numerous biochemical processes, act as 
transporters and storage substances (Ciereszko, 2009; Ruan, 2014; Sami et al., 2016; Łukaszuk 
et al., 2017). Sugars also play a pivotal role in plant defence against stress factors (Ciereszko, 
2018). Identifying the accumulation and regulation of sugars under stress treatments such as 
drought will elucidate the key strategies employed by different plants for defence (Ruan, 2014; 
Łukaszuk et al., 2017). Based on the results in Figure 4.5, the sugar accumulation between X. 
schlechteri and maize varied with regards to fructose which was abundant in dehydrated maize 
tissue but less abundant at MRD in X. schlechteri. Two fatty acids, Stearic acid and palmitic 
acid, sugar and sugar alcohol, cellobiose, sucrose and sorbitol accumulated at MRD in X. 
schlechteri but less abundant in dehydrated maize tissue. Water loss results in a decrease in the 
efficiency of photosynthesis in source tissues that synthesize and export sugars thereby 
reducing their supply to sink tissues and in turn disrupts respiration, growth, and development. 
This results in major physiological and biochemical changes in order to sustain respiration and 
other metabolic processes (Journet et al., 1986; Yu, 1999). The observed increase in abundance 
of the other sugars in dehydrated maize was therefore most likely as a response to sugar 
starvation and the plant trying to maintain respiration and key metabolic processes. In addition 
there is also crosstalk between sugar and hormonal networks which ultimately affects growth 
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and development and a disruption of the sugar network can therefore negatively impact 
hormone regulation (Matsoukas, 2014). The observation that important sugars and sugar 
alcohol such as sucrose and myo-inositol were decreased in dehydrated maize tissue and the 
absence of raffinose while these same sugars were abundant at MRD in X. schlechteri points 
to the importance of these sugars in providing and maintaining tolerance to severe water loss. 
As mentioned previously these sugars are important in the formation of RFOs while myo-
inositol also serves to modulate auxin levels. The regulation in X. schlechteri of specific sugar 
levels across the drying stages together with the shutdown of photosynthesis prevents sugar 
starvation and establishes desiccation tolerance. 
 
 The observed differences in the metabolomic profile between X. schlechteri and maize in 
response to dehydration can explain in part the desiccation tolerance of X. schlechteri and 






























Figure 4.5: Overview of the metabolomic response of X. schlechteri and Zea mays to water loss. 
The amino acids, sugars, sugar alcohols, organic acids and fatty acids are a selection that were 
noticeably different between X. schlechteri and Zea mays across the different stress treatments. 
Amino acids, sugars, sugar alcohols, organic acids and fatty acids represented in red font indicates 
high abundance and blue font represents low abundance. *Metabolites labelled in the overview collectively 





The validation and confirmation of selected data from the label-free proteomic study was 
achieved by using a metabolomic approach based on GC MS/MS and LCMS techniques. The 
changes in abundance of amino acids, sugars, sugar alcohols, fatty acids, organic acids and 
phytohormones across the drying stages in X. schlechteri were examined and inferences drawn 
to their role in desiccation tolerance. This was related to the proteomic dataset from Chapter 3, 
in which proteins were associated with  pathways linked to or involved in response to plant 
stress. These X. schlechteri proteins showed differential expression across the drying stages 
and associated metabolites were also quantified for abundance across the same stages. We 
observed that selected differentially expressed proteins had a similar expression profile to the 
abundance profile of the corresponding metabolite at the respective drying stages. The results 
obtained in the metabolomics approach supported the proteomic analyses and validated 
previously identified differentially expressed proteins and pathways (Table 4.1 A, B and C). 
 
The change in metabolomic profile across the dehydration stages was important in establishing 
dessication tolerance and key sugars, organic acids and amino acids were identified that could 
be playing a role in its establishment. A parallel metabolomic approach was performed on the 
dessication sensitive maize, with the exception of phytohormones, to show the contrasting 
metabolite profile in response to intermediate levels of water loss (60-50% RWC) and 
ultimately what might be contributing to tolerance of extreme water loss in X. schlechteri. 
Sugars and sugar alcohols such as sucrose, raffinose and myo-inositol appear to have important 
roles in dehydration tolerance. Diffrences in the accumulation of amino acids were also 
observed between X. schlechteri and maize such as alanine and proline.  
 
The intergration of proteomic and metabolomic approaches allowed important strategies in 
establishing dessication tolerance to be highlighted in X. schlechteri and this information could 
be used in future to improve drought tolerance of crop plants. Observations of different 
metabolite responses of X. schlechteri and maize to loss of between 50-40% water content gave 
insight to the differences in physiological responses of these two species, and thus also insight 









The monocotyledonous resurrection species X. schlechteri can survive extreme water loss, 
down to 5% RWC, in its vegetative tissue and, remain in this state for extended periods and 
then resume full physiological and metabolic activity within 72 hr of re-watering (Sherwin and 
Farrant, 1998; Farrant, 2000; Farrant et al., 2015). A thorough understanding of this vegetative 
desiccation-tolerance phenomenon by the identification of key biological processes and 
pathways together with information on the associated genes, proteins and metabolites, could 
be used to improve drought-tolerance of cereal crops of agronomic importance. Though X. 
schlechteri is a non-model plant species, a combination of different systems biological 
approaches such as genomics, transcriptomics, proteomics and metabolomics complemented 
with bioinformatics can help identify these key biological processes during dehydration.  
 The aim of this study was two-fold (Summarized in Figure 5.1). Firstly, to use a label-free 
proteomics approach to investigate the X. schlechteri proteome in response to dehydration, and 
secondly, to validate and correlate the data obtained with a metabolomic approach. While 
genomic, transcriptomic (Costa et al., 2107) and some metabolomic (Radermacher et al., 2019) 
data is available for this species, to date there has been no proteomic study conducted that 
would add the missing link between these “omics” studies, and so more convincingly 
demonstrate its power as a new “model organism” for extreme drought tolerance. My study 
has also provided information that could be used to improve the drought tolerance of maize. 
The survival strategies employed by X. schlechteri compared to maize differ in some regard 
and the genes that are over expressed in X. schlechteri may be used to conduct transgenic 
studies in maize. 
Prior to conducting the proteomic workflow, it was important to establish the characteristic 
features during drying of X. schlechteri plants used and under the environmental conditions 
used, in the current study. The first objective of the study was to physiologically, 
morphologically and biochemically characterise X. schlechteri in response to a controlled 
dehydration (Chapter 2). Relative water content (RWC) and absolute water content (AWC) 
was used to monitor the changes in water loss. The establishment of three stages of drying were 
identified; early response to drying (~ 80 – 70% RWC ; ~1.61 gH2O g ̄ ˡ dwt -~1.5 gH2O g ̄ ˡ 
dwt), a mid-response to drying (~ 60 - 40% RWC ;~1.5 gH2O  g ̄ ˡ dwt - ~1.0 gH2O g  ̄ˡ dwt ) and 
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a late response to drying (~ 40 - 10% RWC ; ~1.0 gH2O  g ̄ ˡ dwt -~0.5 gH2O g ̄ ˡ dwt), (Figure 
2.1- Chapter 2). In the first few days of the dehydration stress, the X. schlechteri steadily started 
drying down, with the observation of leaves folding along the midrib and loss of green 
chlorophyll with concomitant purple anthocyanin production. The X. schlechteri plants took an 
average of six to eight days before the decline from ERD to MRD. Additionally, biochemical 
assays were conducted on X. schlechteri at the hydrated and dehydrated stages. Photosynthetic 
potential was monitored using chlorophyll content measurements (Figure 2.3-Chapter 2) where 
chlorophyll content was seen to decrease upon dehydration. This result was supported by data 
obtained in Chapter 3 and Chapter 4 where there was a downregulation of proteins involved in 
chlorophyll synthesis (Figure 3.6; Table 3.4). This confirms the poikilochlorophyllous nature 
of X. schlechteri (Sherwin and Farrant, 1998) and its importance in establishing desiccation-
tolerance in this species. Antioxidant enzyme assays for ascorbate peroxidase (APX), 
superoxide dismutase (SOD), catalase (CAT) and glutathione reductase (GR) indicated an 
increase in antioxidant enzyme activity in dehydrated tissue of X. schlechteri (Figure 2.5-
Chapter 2). 
 
Physiological, morphological and biochemical studies were also conducted on maize in 
response to water loss. In the first three days of withholding water, slight drooping of the maize 
leaves was observed. The loss of water became more apparent as the dehydration proceeded to 
60% -70% RWC (Figure 2.2-Chapter 2). The stem eventually started turning deep red as the 
maize entered the later stages of drying. The photosynthetic potential was monitored using 
chlorophyll content measurements (Figure 2.4-Chapter 2) and the chlorophyll content was seen 
to decrease upon dehydration but not as significantly as X. schlechteri. This, together with 
obvious anthocyanin production in stems suggests that maize was experiencing drought 
induced senescence (Close, and Beadle, 2003). The antioxidant assays (Figure 2.6-Chapter 2) 
conducted on dehydrating maize leaves suggests that the enzymes APX, SOD, CAT and GR 
showed increased activity due to excess ROS production during early drought stress but as 
water loss became more severe, maize was unable to withstand the stress and eventually died 
after drying below 50% RWC. In a comparative study on 5 resurrection species with 3 
desiccation sensitive Eragrostis species, Farrant et al.(2007) showed similar findings and 
proposed that these antioxidant enzymes were protected in resurrection plant species but 
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Figure 5.1: Summary of the key changes in X. schlechteri during dehydration (A). Physiological changes 
representing the identified drying stages of X. schlechteri in this study. Key antioxidant changes in X. 
schlechteri from hydrated to dehydrated stages. (B). Proteomic analysis of X. schlechteri showing the key 
biological processes across the drying stages (ERD, MRD, and LRD), and (C). Associated metabolomic 








The second objective of the study was to conduct an in-depth proteomic analysis of X. 
schlechteri across the drying stages. A label-free quantification method was employed using 
spectral counting and a total of 3125 unique proteins were identified in the X. schlechteri leaf 
material across the drying treatments, of which 65 proteins had unknown prediction. These 
unassigned proteins need further characterisation as they may contain useful information on 
desiccation tolerance. The proteins were quantified, and 517 unique proteins were found to be 
differentially expressed in response to drying. Amongst the differentially expressed proteins, 
253 proteins were upregulated and 264 were downregulated proteins.  
The gene ontologies were then identified and assigned GO-terms for functional classification 
using bioinformatics tools. This allowed for the categorization of the proteins into molecular 
functions, biological processes and cellular compartments. The response to drying employed 
by X. schlechteri across the selected drying stages, ERD, MRD, and LRD is evident from the 
data presented in Chapter 3. The key findings are outlined in Figure 5.2. During the ERD 
(Figure 5.2 A) upregulation of secondary metabolites specifically UDP-glycosyltransferases 
and ultimately the synthesis of anthocyanins and an upregulation in phenylalanine which is 
involved in the synthesis of flavonoids were seen. Proteins associated with photosynthesis were 
seen to be downregulated. As X. schlechteri shifted into MRD (Figure 5.2 B), an upregulation 
of carbohydrate metabolism and protein homeostasis were seen. The co-ordinated synthesis of 
heat shock proteins (HSPs), chaperones and RUB2-ubiquitin also occurred. A notable 
downregulation of photosynthesis was evident. Figure 5.2 B also suggests a generation of more 
vacuoles at MRD. Oliver et al., 2020 suggests the generation of more numerous and smaller 
vacuoles arises and is associated with desiccation. This may be formed de novo or by division 
of the original water-filled vacuoles which may result in temporary storage organelles which 
contains by-products generated during desiccation or becoming autophagosomes. 
As the drying continued into the LRD (Figure 5.2 C), the molecular functions at the late 
response to drying showed an increase in antioxidants which correlated to data shown in 
Chapter 2. Upregulation of protein biosynthesis, protein homeostasis and cellular respiration 
was evident, and a downregulation of co-enzymes and photosynthesis occurred.  
The cellular compartments such as the chloroplast was highly presented supporting the results 
shown in the molecular functions and biological processes, with a notable increase at the mid 
response to drying and a decrease at late response to drying. MapMan analysis was conducted 
to further investigate the roles of the proteins in biological processes involved in the different 
stages of drying. MapMan analysis revealed an abundance of proteins that were involved in 
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photosynthesis and supports the previously mentioned importance of poikilochlorophylly. 
Further protein abundance was found in carbohydrate metabolism, redox homeostasis, protein 
homeostasis, cellular respiration, co-enzyme metabolism and protein biosynthesis. These 
results for protein abundance in redox homeostasis were consistent with results obtained in 
Chapter 2. Similarly, with protein abundance for carbohydrate metabolism, protein 
homeostasis and co-enzyme metabolism supported the observations with respect to the 
metabolomic data (Chapter 4). An additional analysis was conducted (data represented in 
Supplementary material-KEGG pathways) which further confirmed the results obtained in 
Chapter 3 and 4 where a number of the pathways involved in amino acid metabolism and sugar 
metabolism were observed to increase during desiccation (Figure S3.2-Supplementary material 
Chapter 3).  
 
Figure 5.2 A: Proposed model of key responses of X. schlechteri at ERD. Pink squares represent 
upregulation and blue squares represent downregulation. 
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Figure 5.2 B: Proposed model of key responses of X. schlechteri at MRD. Pink squares represent 















Figure 5.2 C: Proposed model of key responses of X. schlechteri at LRD. Pink squares represent 
upregulation and blue squares represent downregulation. 
 
 
The final objective of the study was to validate the proteomic data by investigating a subset of 
metabolites involved in the drying stages in X. schlechteri. This was achieved by the 
metabolomic investigation of the abundance of 16 standard amino acids, 9 standard 
phytohormones and standard 7 sugars, 4 sugar alcohol, 3 fatty acids and 3 organic acids at the 
different responses to drying. The amino acids showed (Figure 4.2 A-Chapter 4) a pattern of 
accumulation of alanine, 5-oxoproline, L-serine, aspartic acid and serine, L-histidine and L-
phenylalanine at ERD (Figure 5.2 A). At MRD and LRD, alanine, 5-oxoproline, L-serine, 
aspartic acid and serine were seen to be less abundant. At MRD and LRD, however, norleucine, 
tyrosine, methionine, asparagine and lysine continued to be abundant, while tryptophan was 
accumulated only at LRD. Previous studies (Ishihara et al., 2008) have shown that tryptophan 
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plays a key role in defence response. Analysis of the sugars and sugar alcohols (Figure 4.2 B 
and C) showed that raffinose, arabitol and sucrose were observed in dehydration samples which 
correlated with the proteomic results (Chapter 3). Previous studies indicated that these sugars 
are implicated as protection metabolites in resurrection plants (Bianchi et al., 
1991; Ghasempour et al., 1998; Norwood et al., 2000; Scott, 2000; Whittaker et al., 
2001; Cooper and Farrant, 2002; Zivkovic et al., 2005; Farrant et al., 2015).  
This study further provides insight into and elucidates the role of a selection of phytohormones 
of X. schlechteri in response to drought. The phytohormone investigation (Figure 4.2 C) 
showed abscisic acid (ABA) and the auxin conjugates, Indole-3-acetic acid Asp (IAA-Asp), 
Indole-3-acetic acid (IAA) and Indole-3-butyric acid (IBA) were less abundant in X. schlechteri 
at ERD. As X. schlechteri shifted into MRD, ABA, jasmonate, GA and SA were less abundant. 
Jasmonate and ABA were however accumulated at LRD, the same pattern as seen in the 
proteomic data (Chapter 3). Previous studies (Erb et al., 2012; Ullah et al., 2018) reported JA 
and ABA to be involved in drought tolerance. Although hormonal crosstalk during drought is 
complex, this study does shed light on key changes occurring in X. schlechetri during the drying 
stages. These phytohormones and their associated metabolic pathways can be considered as 
metabolic targets for drought tolerance in crop plants. 
The metabolomic profile of maize was also examined using similar metabolite standards as X. 
schlechteri so as to ascertain similarities or differences (Figure 4.5) between the two plants (X. 
schlechteri, desiccation tolerant and maize desiccation sensitive). L-methionine, that has been 
reported (Le et al., 2013) to be involved in the protection of cells against H2O2-induced stress, 
was less abundant in the dehydrated samples of maize. Metabolite accumulation of maize also 
varied compared to X. schlechteri with regards to stearic acid, cellobiose, palmitic acid, 
sucrose, sorbitol being less accumulated in maize. Previous research (Journet et al., 1986; Yu, 
1999) has found that plants that decrease sugar levels undergo lots of physiological and 
biochemical change in order to sustain respiration. An overview of the two species (Figure 4.5, 
Chapter 4) further showed the metabolites employed by X. schlechteri in the LRD a drying 
point beyond which maize could survive. Perhaps if maize expressed the metabolites such as 
L-norleucine, L-methionine, L-proline, L-serine, L-histidine and glycine similar to X. 
schlechteri this would improve its chances of survival as drying progressed. 
The main advantage of the label-free proteomic approach complemented with metabolomics 
used in this study is that it reflects the actual outcome of the corresponding transcriptomic and 
epigenetic regulation in response to desiccation. This allows for a more holistic overview and 
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perspective of the biological processes and mechanisms involved in X. schlechteri desiccation 
tolerance. The main disadvantage of the label-free proteomic approach is the biological 
variation among stress treated plants which reduces the number of possible protein 
identifications and complicates quantification of differential expression. Although this can be 
remedied by increasing biological replicates, it is not feasible with species such as X. 
schlechteri where there is a limited number of plants allowed for collection and study. The 
other weakness of this study was the lack of a fully annotated X. schlechteri genome which 
would have allowed more biological processes to be identified and analysed using 
bioinformatics tools. Despite these challenges useful data was obtained and future studies 
should concentrate on subcellular proteomics using the label-free approach and metabolomics. 
Recently, in mammalian models, it was found that key metabolites play an important role in 
transcriptional responses by regulating chromatin modifying enzymes and therefore implicated 
in epigenetic control (Mohammed et al., 2020). Many of these metabolites are involved in 
energy homeostasis and can enter the nucleus to affect gene regulation (Lempradl et al., 2015). 
Therefore, understanding the role of specific proteins and metabolites in the nucleus, 
chloroplast and mitochondria of resurrection plants during dehydration stress may shed light 
on other important regulatory mechanisms involved in desiccation tolerance. 
Based on this study and the results obtained, the label-free proteomic workflow should also be 
conducted on rehydrated X. schlechteri leaf samples. This would further elucidate the 
differentially expressed proteins employed by X. schlechteri after dehydration and upon 
rehydration. This could provide key strategies and pathways employed by a desiccation tolerant 
plant after surviving drought conditions. Studies on poikilochlorophyllous species have shown 
that genes transcribed during late stages of desiccation, particularly those associated with re-
establishment of photosynthetic potential, are not translated until rehydration (Dace et al., 
1998; Costa et al., 2017; Madden, 2019), introducing other regulatory processes that need 
investigation.   
The objectives of this study were achieved, making this study, to our knowledge, the first reported 








Supplementary material - Chapter 3 
 
Table S3.1: List of the Bin names, id and description of the upregulated proteins at ERD 
 










protein Name:Similar to UGT78D2 UDP-
glycosyltransferase 78D2 (Arabidopsis 








aureusidin synthase (original description: 
augustus-gene-30.42-mRNA-1 protein 
Name:Similar to Polyphenol oxidase, 
chloroplastic (Vitis vinifera) AED:0.01 
eAED:0.01 QI:30|1|1|1|1|1|2|191|591)' 
 
Table S3.2: List of the Bin names, id and description of the downregulated proteins at ERD 
 








Name:Similar to HEMC 
Porphobilinogen deaminase, 
chloroplastic (Oryza sativa 





protoporphyrin IX O-methyltransferase' 




Name:Similar to CHLM 















Name:Similar to PORB 
Protochlorophyllide reductase 
B, chloroplastic (Hordeum 











(pOR) activities.light-dependent pOR' 
4.16-mRNA-1 protein 
Name:Similar to PORB 
Protochlorophyllide reductase 
B, chloroplastic (Hordeum 






interconversions.geranylgeranyl reductase (Chlp)' 
xvis03_215774-pa geranylgeranyl reductase 
(ChlP) (original description: 
augustus-gene-7.23-mRNA-1 
protein Name:Similar to CHLP 
Geranylgeranyl diphosphate 
reductase, chloroplastic 
(Nicotiana tabacum) AED:0.00 
eAED:0.00 
QI:382|1|1|1|1|1|2|212|364)' 
protein homeostasis.protein quality 
control.Hsp90 chaperone system.chaperone 
(Hsp90)' 
xvis03_207665-pa chaperone (Hsp90) (original 
description: processed-gene-
12.71-mRNA-1 protein 





protein homeostasis.protein quality 
control.Hsp90 chaperone system.chaperone 
(Hsp90)' 
xvis03_224897-pa chaperone (Hsp90) (original 
description: augustus-gene-
1.57-mRNA-1 protein 







system.26S proteasome.19S regulatory 
particle.non-ATpase components.regulatory 
component RpN8' 
xvis03_212052-pa regulatory component RPN8 of 
26S proteasome (original 
description: augustus-gene-
18.3-mRNA-1 protein 
Name:Similar to RPN8A 26S 
proteasome non-ATPase 
regulatory subunit 7 homolog 





peptidase activities.C13-class asparaginyl 
endopeptidase (Legumain)' 




















chloroplastic (Oryza sativa 
subsp. japonica) AED:0.04 
eAED:0.04 
QI:89|1|1|1|1|1|3|259|276)' 
Carbohydrate metabolism.oxidative pentose 
phosphate pathway.non-oxidative 
phase.transaldolase' 
xvis03_219185-pa transaldolase (original 
description: processed-gene-
8.51-mRNA-1 protein 
Name:Similar to tal 
Transaldolase (Acidothermus 
cellulolyticus (strain ATCC 





b6/f complex.Rieske iron-sulfur component petC' 
xvis03_223095-pa Rieske iron-sulfur component 
PetC of cytochrome b6/f 
complex (original description: 
augustus-gene-3.96-mRNA-1 
protein Name:Similar to petC 
Cytochrome b6-f complex 
iron-sulfur subunit, 
chloroplastic (Oryza sativa 





ation.NADH dehydrogenase-like (NDH) 
complex.lumen subcomplex L.component pnsL1' 
xvis03_203608-pa component PnsL1 of NDH 
lumen subcomplex L (original 
description: processed-gene-
32.69-mRNA-1 protein 
Name:Similar to PNSL1 
Photosynthetic NDH subunit 








xvis03_207311-pa adenylate kinase (original 
description: processed-gene-
7.62-mRNA-1 protein 
Name:Similar to ADK-B 
Adenylate kinase 4 (Oryza 











adenylate kinase 5, 
chloroplastic (Oryza sativa 








Table S3.3: List of the Bin names, id and description of the upregulated proteins at MRD 
 
BinName id Description 
protein homeostasis.protein quality 




chaperone (Hsp70) (original 
description: processed-gene-2.73-
mRNA-1 protein Name: Similar to 
HSP70 Heat shock cognate 70 kDa 






(neddylation).ubiquitin-fold protein (RUB)' 
xvis03_20581
3-pa 
ubiquitin-fold protein (RUB) 
(original description: processed-
gene-6.86-mRNA-1 protein Name: 
Similar to RUB2 Ubiquitin-NEDD8-
like protein RUB2 (Oryza sativa 











mRNA-1 protein Name:Similar to 
UGPA UTP--glucose-1-phosphate 
uridylyltransferase (Musa 








phosphorylase (original description: 
augustus-gene-39.13-mRNA-1 
protein Name:Similar to PHS2 
Alpha-glucan phosphorylase 2, 












mRNA-1 protein Name:Similar to 
CCT2 Choline-phosphate 
cytidylyltransferase 2 (Arabidopsis 
thaliana) AED:0.15 eAED:0.15 
QI:50|1|1|1|1|1|8|392|291)' 
Lipid metabolism.lipid degradation.phospholipase 




phospholipase A2 (pPLA2-II) 
(original description: augustus-gene-
6.42-mRNA-1 protein Name:Similar 
to PLP1 Patatin-like protein 1 







Table S3.4: List of the Bin names, id and description of the downregulated proteins at MRD 
 
BinName id Description 
photosynthesis.photophosphorylation.photosystem 
II.LHC-II complex.component LHCb1/2/3' 
xvis03_2110
60-pa 
component LHCb1/2/3 of LHC-II 
complex (original description: 
processed-gene-14.7-mRNA-1 
protein Name:Similar to 
Chlorophyll a-b binding protein, 




II.LHC-II complex.component LHCb1/2/3' 
xvis03_2197
22-pa 
component LHCb1/2/3 of LHC-II 
complex (original description: 
augustus-gene-9.73-mRNA-1 
protein Name:Similar to CAB36 
Chlorophyll a-b binding protein 36, 




II.LHC-II complex.component LHCb1/2/3' 
xvis03_2230
77-pa 
component LHCb1/2/3 of LHC-II 
complex (original description: 
processed-gene-1.89-mRNA-1 
protein Name:Similar to CAB13 






II.LHC-II complex.component LHCb1/2/3' 
xvis03_2246
54-pa 
component LHCb1/2/3 of LHC-II 
complex (original description: 
processed-gene-1.9-mRNA-1 
protein Name:Similar to CAB21 
Chlorophyll a-b binding protein 21, 




II.LHC-II complex.component LHCb1/2/3' 
xvis03_2250
66-pa 
component LHCb1/2/3 of LHC-II 
complex (original description: 
processed-gene-0.82-mRNA-1 
protein Name:Similar to 
Chlorophyll a-b binding protein, 




II.LHC-II complex.component LHCb4' 
xvis03_2127
11-pa 
component LHCb4 of LHC-II 
complex (original description: 
processed-gene-16.130-mRNA-1 
protein Name:Similar to LHCB4.2 
Chlorophyll a-b binding protein 
CP29.2, chloroplastic (Arabidopsis 





II.LHC-II complex.component LHCb5' 
xvis03_2217
99-pa 
component LHCb5 of LHC-II 
complex (original description: 
processed-gene-5.86-mRNA-1 
protein Name:Similar to LHCB5 
Chlorophyll a-b binding protein 
CP26, chloroplastic (Arabidopsis 
thaliana) AED:0.06 eAED:0.06 
QI:123|0.8|0.83|1|1|1|6|161|279)' 
photosynthesis.photophosphorylation.photosystem 
II.LHC-II complex.component LHCb6' 
xvis03_2079
68-pa 
component LHCb6 of LHC-II 
complex (original description: 
augustus-gene-15.42-mRNA-1 
protein Name:Similar to CAP10A 
Chlorophyll a-b binding protein 





II.pS-II complex.oxygen-evolving center (OEC) 
extrinsic proteins.component OEC33/psbO' 
xvis03_2083
37-pa 
component PsbO/OEC33 of PS-II 
oxygen-evolving center (original 
description: augustus-gene-6.16-
mRNA-1 protein Name:Similar to 
PSBO Oxygen-evolving enhancer 





II.pS-II complex.oxygen-evolving center (OEC) 
extrinsic proteins.component OEC33/psbO' 
xvis03_2198
59-pa 
component PsbO/OEC33 of PS-II 
oxygen-evolving center (original 
description: augustus-gene-3.73-
mRNA-1 protein Name:Similar to 
PSBO Oxygen-evolving enhancer 










component PsbP of PS-II oxygen-
evolving center (original 
description: processed-gene-2.101-
mRNA-1 protein Name:Similar to 
PSBP Oxygen-evolving enhancer 
protein 2, chloroplastic (Cucumis 
sativus) AED:0.32 eAED:0.32 
QI:142|1|1|1|1|1|4|296|262)' 
photosynthesis.photophosphorylation.photosystem 
II.assembly and maintenance.assembly factor (MET1)' 
xvis03_2215
70-pa 
MET1 protein involved in PS-II 
assembly (original description: 
augustus-gene-2.10-mRNA-1 
protein Name:Similar to LSF1 
Phosphoglucan phosphatase LSF1, 





b6/f complex.Rieske iron-sulfur component petC' 
xvis03_2230
95-pa 
Rieske iron-sulfur component PetC 





Name:Similar to petC Cytochrome 
b6-f complex iron-sulfur subunit, 
chloroplastic (Oryza sativa subsp. 
japonica) AED:0.11 eAED:0.11 
QI:167|0.33|0.75|1|1|1|4|287|178)' 
photosynthesis. photophosphorylation. Cytb6/f to pS-
I electron carriers.plastocyanin' 
xvis03_2177
29-pa 
plastocyanin electron carrier 
(original description: processed-
gene-11.5-mRNA-1 protein 
Name:Similar to PETE 
Plastocyanin minor isoform, 




I.LHC-I complex.component LHCa1' 
xvis03_2251
47-pa 
component LHCa1 of LHC-I 
complex (original description: 
augustus-gene-0.41-mRNA-1 
protein Name:Similar to CAB6A 
Chlorophyll a-b binding protein 





I.LHC-I complex.component LHCa1' 
xvis03_2258
29-pa 
component LHCa1 of LHC-I 
complex (original description: 
augustus-gene-0.17-mRNA-1 
protein Name:Similar to LHCA1 
Chlorophyll a-b binding protein 6, 




I.pS-I complex.component psaH' 
xvis03_2053
19-pa 
component PsaH of PS-I complex 
(original description: processed-
gene-30.54-mRNA-1 protein 
Name:Similar to PSAH1 
Photosystem I reaction center 
subunit VI-1, chloroplastic 











Name:Similar to PETH 
Ferredoxin--NADP reductase, leaf 
isozyme, chloroplastic (Pisum 
sativum) AED:0.14 eAED:0.14 
QI:231|1|1|1|1|1|9|392|366)' 
photosynthesis.photophosphorylation.chlororespiratio
n.NADH dehydrogenase-like (NDH) complex.lumen 
subcomplex L.component pnsL1' 
xvis03_2036
08-pa 
component PnsL1 of NDH lumen 
subcomplex L (original 
description: processed-gene-32.69-
mRNA-1 protein Name:Similar to 
PNSL1 Photosynthetic NDH 
subunit of lumenal location 1, 










small subunit of ribulose-1,5-
bisphosphat carboxylase/oxygenase 
heterodimer (original description: 
processed-gene-3.56-mRNA-1 
protein Name:Similar to RBCS1 
Ribulose bisphosphate carboxylase 
small chain, chloroplastic (Musa 
acuminata) AED:0.05 eAED:0.05 
QI:145|1|1|1|1|1|3|356|174)' 
photosynthesis.calvin cycle.ribulose-1,5-bisphosphat 
carboxylase/oxygenase (RuBisCo) activity.RuBisCo 
assembly.auxiliary co-chaperone (CpN20)' 
xvis03_2069
91-pa 
CPN20 auxiliary co-chaperone 
involved in RuBisCo assembly 
(original description: augustus-
gene-10.52-mRNA-1 protein 
Name:Similar to CPN21 20 kDa 
chaperonin, chloroplastic 




carboxylase/oxygenase (RuBisCo) activity.RuBisCo 
assembly.auxiliary co-chaperone (CpN20)' 
xvis03_2170
41-pa 
CPN20 auxiliary co-chaperone 
involved in RuBisCo assembly 
(original description: augustus-
gene-12.20-mRNA-1 protein 
Name:Similar to CPN21 20 kDa 
chaperonin, chloroplastic 




carboxylase/oxygenase (RuBisCo) activity.RuBisCo 
regulation.ATp-dependent activase (RCA)' 
xvis03_2238
53-pa 
ATP-dependent activase involved 
in RuBisCo regulation (original 
description: processed-gene-1.15-
mRNA-1 protein Name:Similar to 
RCA2 Ribulose bisphosphate 
carboxylase/oxygenase activase 2, 







triosephosphate isomerase (original 
description: augustus-gene-0.55-
mRNA-1 protein Name:Similar to 
TPIP1 Triosephosphate isomerase, 





transketolase (original description: 
processed-gene-21.50-mRNA-1 
protein Name:Similar to 
Transketolase, chloroplastic 







transketolase (original description: 
processed-gene-2.79-mRNA-1 
protein Name:Similar to 
Transketolase, chloroplastic 










Name:Similar to SHM4 Serine 
hydroxymethyltransferase 4 
(Arabidopsis thaliana) AED:0.05 
eAED:0.05 
QI:76|1|1|1|1|1|4|235|515)' 
protein biosynthesis.ribosome biogenesis.large 




component RPL3 of LSU proteome 
component (original description: 
augustus-gene-9.118-mRNA-1 
protein Name:Similar to RPL3 60S 
ribosomal protein L3 (Oryza sativa 
subsp. japonica) AED:0.07 
eAED:0.07 
QI:0|1|0.83|1|1|0.83|6|237|407)' 
protein biosynthesis.ribosome biogenesis.large 




component RPL3 of LSU proteome 
component (original description: 
processed-gene-0.82-mRNA-1 
protein Name:Similar to RPL3 60S 
ribosomal protein L3 (Oryza sativa 
subsp. japonica) AED:0.08 
eAED:0.08 
QI:54|1|1|1|1|1|6|258|389)' 
protein biosynthesis.ribosome biogenesis.large 




component RPL8 of LSU proteome 
component (original description: 
processed-gene-4.2-mRNA-1 
protein Name:Similar to RPL8 60S 




protein biosynthesis.ribosome biogenesis.small 




component RPS2 of SSU proteome 
(original description: augustus-
gene-5.51-mRNA-1 protein 
Name:Similar to RPS2C 40S 
ribosomal protein S2-3 
(Arabidopsis thaliana) AED:0.29 
eAED:0.29 
QI:54|1|1|1|0.5|0.33|3|154|274)' 
protein biosynthesis.ribosome biogenesis.small 




component RPS17 of SSU 
proteome (original description: 
processed-gene-11.1-mRNA-1 
protein Name:Similar to RPS17 
40S ribosomal protein S17 





protein biosynthesis.ribosome biogenesis.small 




component RPS17 of SSU 
proteome (original description: 
processed-gene-26.31-mRNA-1 
protein Name:Similar to RPS17 
40S ribosomal protein S17 
(Solanum lycopersicum) AED:0.03 
eAED:0.03 QI:0|-1|0|1|-
1|1|1|0|146)' 
protein biosynthesis.organelle machinery.plastidial 




component psRPL4 of large 
ribosomal subunit proteome 
(original description: processed-
gene-16.266-mRNA-1 protein 
Name:Similar to RPL4 50S 
ribosomal protein L4, chloroplastic 
(Nicotiana tabacum) AED:0.18 
eAED:0.18 QI:0|-1|0|1|-
1|1|1|0|272)' 
protein biosynthesis.organelle machinery.plastidial 




component psRPL5 of large 
ribosomal subunit proteome 
(original description: augustus-
gene-8.33-mRNA-1 protein 
Name:Similar to RPL5 50S 
ribosomal protein L5, chloroplastic 
(Arabidopsis thaliana) AED:0.02 
eAED:0.03 
QI:29|0.5|0.33|1|1|1|3|0|284)' 
protein biosynthesis.organelle machinery.plastidial 




component psRPL9 of large 
ribosomal subunit proteome 
(original description: processed-
gene-6.69-mRNA-1 protein 
Name:Similar to RPL9 50S 
ribosomal protein L9, chloroplastic 
(Arabidopsis thaliana) AED:0.06 
eAED:0.06 
QI:100|1|1|1|0.83|0.71|7|568|196)' 
protein biosynthesis.organelle machinery.plastidial 




component psRPS5 of small 
ribosomal subunit proteome 
(original description: processed-
gene-10.83-mRNA-1 protein 
Name:Similar to rps5 30S 
ribosomal protein S5, chloroplastic 
(Arabidopsis thaliana) AED:0.00 
eAED:0.00 
QI:186|1|1|1|1|1|2|216|309)' 
protein biosynthesis.organelle machinery.translation 
initiation.initiation factor (IF-3)' 
xvis03_2242
54-pa 
IF-3 translation initiation factor 
(original description: augustus-
gene-0.0-mRNA-1 protein 
Name:Similar to infC Translation 
initiation factor IF-3 (Nostoc sp. 





protein homeostasis.protein quality control.ER 
Quality Control (ERQC) 
machinery.calnexin/calreticulin chaperone 
system.CNX-CRT cycle.lectin chaperone (CNX)' 
xvis03_2191
78-pa 
lectin chaperone (CNX) (original 
description: processed-gene-7.19-
mRNA-1 protein Name:Similar to 
CNX1 Calnexin homolog 1 
(Arabidopsis thaliana) AED:0.09 
eAED:0.09 
QI:144|1|1|1|0.83|0.71|7|378|540)' 
protein homeostasis.protein quality control.Hsp60 






Name:Similar to CPN21 20 kDa 
chaperonin, chloroplastic 
(Arabidopsis thaliana) AED:0.07 
eAED:0.07 
QI:99|1|1|1|1|1|5|439|254)' 
protein homeostasis.protein quality control.Hsp60 






Name:Similar to CPN21 20 kDa 
chaperonin, chloroplastic 




system.26S proteasome.20S core particle.alpha-type 
components.component alpha type-2' 
xvis03_2139
88-pa 
component alpha type-2 of 26S 
proteasome (original description: 
augustus-gene-11.18-mRNA-1 
protein Name:Similar to PAB1 
Proteasome subunit alpha type-2 




system.26S proteasome.20S core particle.beta-type 
components.component beta type-7' 
xvis03_2023
56-pa 
component beta type-7 of 26S 
proteasome (original description: 
processed-gene-29.12-mRNA-1 
protein Name:Similar to PBG1 
Proteasome subunit beta type-4 









(Legumain) (original description: 
processed-gene-9.25-mRNA-1 
protein Name:Similar to Vacuolar-
processing enzyme (Citrus 








isomerase (original description: 
augustus-gene-13.21-mRNA-1 
protein Name:Similar to TPIP1 
Triosephosphate isomerase, 













Name:Similar to ADG2 Glucose-1-
phosphate adenylyltransferase large 
subunit 1, chloroplastic 




Carbohydrate metabolism.oxidative pentose 
phosphate pathway.non-oxidative phase.transketolase' 
xvis03_2077
74-pa 
transketolase (original description: 
processed-gene-21.50-mRNA-1 
protein Name:Similar to 
Transketolase, chloroplastic 
(Solanum tuberosum) AED:0.17 
eAED:0.17 
QI:154|0.85|0.75|1|1|1|8|0|716)' 
Carbohydrate metabolism.oxidative pentose 
phosphate pathway.non-oxidative phase.transketolase' 
xvis03_2190
01-pa 
transketolase (original description: 
processed-gene-2.79-mRNA-1 
protein Name:Similar to 
Transketolase, chloroplastic 







triosephosphate isomerase (original 
description: augustus-gene-0.55-
mRNA-1 protein Name:Similar to 
TPIP1 Triosephosphate isomerase, 







triosephosphate isomerase (original 
description: augustus-gene-13.21-
mRNA-1 protein Name:Similar to 
TPIP1 Triosephosphate isomerase, 




degradation.lactoyl-glutathione lyase (GLX1)' 
xvis03_2105
97-pa 
lactoyl-glutathione lyase (GLX1) 
(original description: augustus-
gene-8.18-mRNA-1 protein 
Name:Similar to At1g67280 
Probable lactoylglutathione lyase, 
chloroplast (Arabidopsis thaliana) 
AED:0.06 eAED:0.06 
QI:224|1|1|1|1|1|9|419|372)' 
Cellular respiration.tricarboxylic acid 




malic enzyme (original description: 
augustus-gene-28.7-mRNA-1 
protein Name:Similar to NAD-
ME1 NAD-dependent malic 
enzyme 1, mitochondrial 







phosphorylation.cytochrome c reductase 
complex.component cytochrome c1' 
xvis03_2062
81-pa 
cytochrome c1 component of 
cytochrome c reductase complex 
(original description: augustus-
gene-15.74-mRNA-1 protein 
Name:Similar to CYCL 
Cytochrome c1-1, heme protein, 
mitochondrial (Solanum 
tuberosum) AED:0.28 eAED:0.28 
QI:33|0.85|0.87|1|1|1|8|457|361)' 
Cellular respiration.oxidative phosphorylation.ATp 




subunit delta_ of ATP synthase 
peripheral MF1 subcomplex 
(original description: augustus-
gene-3.37-mRNA-1 protein 
Name:Similar to ATP synthase 
subunit delta', mitochondrial 
(Ipomoea batatas) AED:0.20 
eAED:0.20 
QI:67|0|0.25|0.5|0.33|0.75|4|0|208)' 




catalase (original description: 
processed-gene-1.13-mRNA-1 
protein Name:Similar to CAT1 
Catalase-1 (Triticum aestivum) 
AED:0.19 eAED:0.19 
QI:0|0|0|0.66|1|1|9|0|623)' 





ascorbate peroxidase (APX) 
(original description: augustus-
gene-50.73-mRNA-1 protein 
Name:Similar to APX1 L-
ascorbate peroxidase, cytosolic 
(Pisum sativum) AED:0.15 
eAED:0.15 
QI:0|0.85|0.75|1|1|0.87|8|414|307)' 





ascorbate peroxidase (APX) 
(original description: processed-
gene-11.33-mRNA-1 protein 
Name:Similar to APX1 L-
ascorbate peroxidase, cytosolic 
(Pisum sativum) AED:0.17 
eAED:0.17 
QI:131|1|1|1|1|1|7|558|249)' 





ascorbate peroxidase (APX) 
(original description: augustus-
gene-5.53-mRNA-1 protein 
Name:Similar to APXT L-
ascorbate peroxidase T, 











ascorbate peroxidase (APX) 
(original description: augustus-
gene-1.2-mRNA-1 protein 
Name:Similar to APX4 Probable 
L-ascorbate peroxidase 4 (Oryza 
sativa subsp. japonica) AED:0.10 
eAED:0.10 
QI:188|1|1|1|1|1|9|226|284)' 
Amino acid metabolism.biosynthesis.aspartate 
family.aspartate-derived amino 
acids.methionine.salvage pathway.bifunctional 





phosphate dehydratase and 
enolase-phosphatase (original 
description: processed-gene-1.56-




phosphatase E1 1 (Vitis vinifera) 
AED:0.24 eAED:0.24 
QI:0|0.9|0.90|0.90|1|1|11|237|411)' 







Name:Similar to SHM4 Serine 
hydroxymethyltransferase 4 








adenylate kinase (original 
description: processed-gene-7.62-
mRNA-1 protein Name:Similar to 
ADK-B Adenylate kinase 4 (Oryza 








adenylate kinase (original 
description: processed-gene-14.84-
mRNA-1 protein Name:Similar to 
Os08g0288200 Probable adenylate 
kinase 5, chloroplastic (Oryza 
sativa subsp. japonica) AED:0.22 
eAED:0.22 
QI:25|1|0.94|1|1|1|17|0|611)' 
RNA processing.pre-mRNA splicing. U2-type-intron-
specific major spliceosome. U2 small nuclear 




protein factor U2A of U2 small 
nuclear ribonucleoprotein particle 
(snRNP) (original description: 
processed-gene-17.119-mRNA-1 
protein Name:Similar to 
At1g09760 U2 small nuclear 
ribonucleoprotein A' (Arabidopsis 
thaliana) AED:0.23 eAED:0.27 
QI:0|0.83|0.71|1|1|1|7|448|347)' 







Name:Similar to CSP41A 
138 
 
Chloroplast stem-loop binding 
protein of 41 kDa a, chloroplastic 
(Arabidopsis thaliana) AED:0.01 
eAED:0.01 
QI:41|1|1|1|1|1|6|52|409)' 




protein folding catalyst (FKBP) 
(original description: processed-
gene-19.48-mRNA-1 protein 
Name:Similar to FKBP62 Peptidyl-
prolyl cis-trans isomerase FKBP62 
(Arabidopsis thaliana) AED:0.12 
eAED:0.12 
QI:105|0.91|0.92|1|1|1|13|323|570)' 




protein folding catalyst (FKBP) 
(original description: processed-
gene-1.76-mRNA-1 protein 
Name:Similar to FKBP19 Peptidyl-
prolyl cis-trans isomerase FKBP19, 




Cell wall organisation.pectin.rhamnogalacturonan 







Name:Similar to BGAL9 Beta-
galactosidase 9 (Arabidopsis 
thaliana) AED:0.06 eAED:0.06 
QI:63|1|1|1|0.94|0.94|19|309|904)' 
Cell wall organisation.pectin.rhamnogalacturonan 

















Figure S3.1: Representing downregulated proteins at MRD involved in photorespiration, Calvin cycle 
and light reaction (Supplementary Table S3.3). The pink squares indicated downregulated proteins. 
 
Table S3.5 A: Representing light reaction, Calvin cycle and photorespiration: 
 Light reaction: 







component LHCb1/2/3 of 















component LHCb1/2/3 of 
LHC-II complex (original 
description: augustus-gene-
9.73-mRNA-1 protein 




Chlorophyll a-b binding 









component LHCb1/2/3 of 
LHC-II complex (original 
description: processed-gene-
1.89-mRNA-1 protein 
Name:Similar to CAB13 
Chlorophyll a-b binding 










component LHCb1/2/3 of 
LHC-II complex (original 
description: processed-gene-
1.9-mRNA-1 protein 
Name:Similar to CAB21 
Chlorophyll a-b binding 










component LHCb1/2/3 of 















component LHCb4 of LHC-
II complex (original 
description: processed-gene-
16.130-mRNA-1 protein 
Name:Similar to LHCB4.2 















component LHCb5 of LHC-
II complex (original 
description: augustus-gene-
27.98-mRNA-1 protein 
Name:Similar to LHCB5 
Chlorophyll a-b binding 










component LHCb5 of LHC-
II complex (original 
description: processed-gene-
5.86-mRNA-1 protein 
Name:Similar to LHCB5 
Chlorophyll a-b binding 











component LHCb6 of LHC-
II complex (original 
description: augustus-gene-
15.42-mRNA-1 protein 
Name:Similar to CAP10A 
Chlorophyll a-b binding 











component LHCb6 of LHC-
II complex (original 
description: augustus-gene-
11.85-mRNA-1 protein 
Name:Similar to CAP10A 
Chlorophyll a-b binding 











component PsbO/OEC33 of 
PS-II oxygen-evolving 





evolving center (OEC) extrinsic 
proteins.component OEC33/psbO' 
1 protein Name:Similar to 
PSBO Oxygen-evolving 












component PsbO/OEC33 of 
PS-II oxygen-evolving 
center (original description: 
augustus-gene-3.73-mRNA-
1 protein Name:Similar to 
PSBO Oxygen-evolving 


















Name:Similar to PSBP 
Oxygen-evolving enhancer 
protein 2, chloroplastic 














Name:Similar to CAB6A 
Chlorophyll a-b binding 














Name:Similar to LHCA1 
Chlorophyll a-b binding 

















Name:Similar to CAB7 
Chlorophyll a-b binding 















Name:Similar to psaD 
Photosystem I reaction 















Name:Similar to PSAF 
Photosystem I reaction 















Name:Similar to PSAH1 
Photosystem I reaction 

















Name:Similar to PSAL 
Photosystem I reaction 






    
photosynthesis.photophosphorylation.C








Name:Similar to PETE 























Name:Similar to PETH 
Ferredoxin--NADP 













S3.5 B - Calvin cycle: 
























component H-protein of 
glycine cleavage system 
(original description: 
augustus-gene-4.88-mRNA-1 
protein Name:Similar to 
GDCSH Glycine cleavage 
system H protein, 
mitochondrial (Oryza sativa 






























Table S3.5 C-Photorespiration: 









small subunit of ribulose-1,5-
bisphosphat carboxylase/oxygenase 
heterodimer (original description: 
processed-gene-3.56-mRNA-1 
protein Name:Similar to RBCS1 
Ribulose bisphosphate carboxylase 
small chain, chloroplastic (Musa 














component CPN60b of CPN60 
assembly chaperone complex 
(original description: processed-
gene-31.124-mRNA-1 protein 
Name:Similar to RuBisCO large 
subunit-binding protein subunit 














CPN20 auxiliary co-chaperone 
involved in RuBisCo assembly 
(original description: augustus-
gene-10.52-mRNA-1 protein 
Name:Similar to CPN21 20 kDa 
chaperonin, chloroplastic 













CPN20 auxiliary co-chaperone 
involved in RuBisCo assembly 
(original description: augustus-
gene-12.20-mRNA-1 protein 
Name:Similar to CPN21 20 kDa 
chaperonin, chloroplastic 













ATP-dependent activase involved 
in RuBisCo regulation (original 
description: processed-gene-1.15-
mRNA-1 protein Name:Similar to 
RCA2 Ribulose bisphosphate 
carboxylase/oxygenase activase 2, 









phosphoglycerate kinase (original 
description: processed-gene-12.20-
mRNA-1 protein Name:Similar to 
Phosphoglycerate kinase, 











triosephosphate isomerase (original 
description: augustus-gene-0.55-
mRNA-1 protein Name:Similar to 
TPIP1 Triosephosphate isomerase, 





Table S3.6: List of the Bin names, id and description of the upregulated proteins at LRD 
 
BinName id Description 
protein biosynthesis.ribosome biogenesis.large 
ribosomal subunit (LSU).LSU 
proteome.component RpL23' 
xvis03_202929-pa component RPL23 of LSU 
proteome component (original 
description: augustus-gene-
26.5-mRNA-1 protein 
Name:Similar to RPL23A 




protein biosynthesis.ribosome biogenesis.small 
ribosomal subunit (SSU).SSU 
proteome.component RpS12' 




Name:Similar to RPS12 40S 
ribosomal protein S12 
(Hordeum vulgare) AED:0.38 
eAED:0.38 
QI:0|1|0.75|1|1|1|4|393|161)' 
protein biosynthesis.ribosome biogenesis.small 
ribosomal subunit (SSU).SSU 
proteome.component RpS12' 




Name:Similar to RPS12 40S 
ribosomal protein S12 
(Hordeum vulgare) AED:0.26 
eAED:0.26 
QI:0|1|0.75|1|1|1|4|274|184)' 
protein biosynthesis.ribosome biogenesis.small 
ribosomal subunit (SSU).SSU 
proteome.component RpS27' 




Name:Similar to RPS27B 40S 




protein biosynthesis.ribosome biogenesis.small 
ribosomal subunit (SSU).SSU 
proteome.component RpS27' 






Name:Similar to RPS27B 40S 




protein biosynthesis.mRNA quality 
control.NMD Nonsense-Mediated Decay.eRF1-
eRF3 aberrant mRNA detection 
complex.component eRF1' 




Name:Similar to ERF1-3 
Eukaryotic peptide chain 





Initiation Complex (pIC) module.eIF3 mRNA-
to-pIC binding complex.component eIF3g' 
xvis03_223860-pa component eIF3g of eIF3 
mRNA-to-PIC binding 
complex (original description: 
processed-gene-2.57-mRNA-
1 protein Name:Similar to 
v1g171563 Eukaryotic 
translation initiation factor 3 





initiation.mRNA loading.mRNA poly-A-tail 
binding factor (pABp)' 
xvis03_217585-pa mRNA poly-A-tail binding 
factor (PABP) (original 
description: augustus-gene-
6.44-mRNA-1 protein 
Name:Similar to PAB8 
Polyadenylate-binding protein 




protein biosynthesis.translation elongation.eEF1 
aminoacyl-tRNA binding factor activity.eEF1B 
eEF1A-GDp-recycling complex.component 
eEF1B-beta/-delta' 
xvis03_202784-pa component eEF1B-beta/-delta 
of eEF1B eEF1A-GDP-
recycling complex (original 
description: processed-gene-
9.6-mRNA-1 protein 
Name:Similar to At5g12110 




protein biosynthesis.translation elongation.eEF5 
poly-p/G elongation factor activity.poly-p/G 
elongation factor (eEF5/eIF5A)' 




Name:Similar to EIF-5A2 
Eukaryotic translation 







protein biosynthesis.translation elongation.eEF5 
poly-p/G elongation factor activity.poly-p/G 
elongation factor (eEF5/eIF5A)' 




Name:Similar to Eukaryotic 





protein biosynthesis.translation elongation.eEF5 
poly-p/G elongation factor activity.poly-p/G 
elongation factor (eEF5/eIF5A)' 




Name:Similar to EIF-5A2 
Eukaryotic translation 






machinery.plastidial ribosome.large ribosomal 
subunit proteome.component psRpL18' 
xvis03_224660-pa component psRPL18 of large 
ribosomal subunit proteome 
(original description: 
processed-gene-1.62-mRNA-
1 protein Name:Similar to 
FEN1 Flap endonuclease 1 







xvis03_212520-pa EF-Tu translation elongation 
factor (original description: 
augustus-gene-6.14-mRNA-1 
protein Name:Similar to 
TUFB1 Elongation factor Tu, 
chloroplastic (Glycine max) 
AED:0.04 eAED:0.16 
QI:0|0|0.5|1|1|1|2|351|455)' 
Coenzyme metabolism.iron-sulfur cluster 
assembly machinery.plastidial SUF 
system.assembly phase.SUF-SE sulfur transfer 
complex.cysteine desulfurase component NFS2' 
xvis03_220549-pa cysteine desulfurase 
component NFS2 of plastidial 
SUF system assembly phase 
(original description: 
processed-gene-6.81-mRNA-
1 protein Name:Similar to 







Coenzyme metabolism.iron-sulfur cluster 
assembly machinery.mitochondrial ISC 
system.transfer phase.assembly factor (IBA57)' 
xvis03_224887-pa assembly factor BA57 of 
mitochondrial ISC system 
transfer phase (original 
description: augustus-gene-
0.36-mRNA-1 protein 














Name:Similar to GSA 
Glutamate-1-semialdehyde 
2,1-aminomutase, 
chloroplastic (Oryza sativa 







xvis03_222911-pa component CHL-I of 
magnesium-chelatase 
complex (original description: 
processed-gene-1.35-mRNA-
1 protein Name:Similar to 
CHLI Magnesium-chelatase 
subunit ChlI, chloroplastic 












Name:Similar to PORB 
Protochlorophyllide reductase 





iration.NADH dehydrogenase-like (NDH) 
complex.assembly and stabilization.Cpn60 
chaperonin heterodimer.subunit beta' 
xvis03_205691-pa subunit beta of Cpn60 
chaperonin complex (original 
description: processed-gene-
31.124-mRNA-1 protein 
Name:Similar to RuBisCO 
large subunit-binding protein 
subunit beta, chloroplastic 







bisphosphat carboxylase/oxygenase (RuBisCo) 
activity.RuBisCo heterodimer.small subunit' 






Name:Similar to RBCS1 
Ribulose bisphosphate 






bisphosphat carboxylase/oxygenase (RuBisCo) 
activity.RuBisCo assembly.CpN60 assembly 
chaperone complex.component CpN60b' 
xvis03_205691-pa component CPN60b of 
CPN60 assembly chaperone 
complex (original description: 
processed-gene-31.124-
mRNA-1 protein 
Name:Similar to RuBisCO 
large subunit-binding protein 
subunit beta, chloroplastic 




















component H-protein of 
glycine cleavage system 
(original description: 
augustus-gene-4.88-mRNA-1 
protein Name:Similar to 
GDCSH Glycine cleavage 
system H protein, 
mitochondrial (Oryza sativa 




glycolysis. Phosphoglycerate kinase' 














degradation. Hydroxy-acyl-glutathione hydrolase 
(GLX2)' 
xvis03_211424-pa hydroxy-acyl-glutathione 
hydrolase (GLX2) (original 
description: augustus-gene-
2.30-mRNA-1 protein 







protein modification.phosphorylation CAMK 
protein kinase superfamily.SNF1-related protein 
kinase (SnRK2)' 




Name:Similar to SAPK7 
Serine/threonine-protein 
kinase SAPK7 (Oryza sativa 





glutathionylation.glutaredoxin'   
xvis03_218158-pa glutaredoxin (original 
description: augustus-gene-
3.24-mRNA-1 protein 





protein modification.protein folding.protein 
folding catalyst (Cyclophilin)'  
  




Name:Similar to PCKR1 
Peptidyl-prolyl cis-trans 
isomerase (Catharanthus 
roseus) AED:0.01 eAED:0.01 
QI:0|-1|0|1|-1|1|1|0|173)'
 0.88642055 
protein modification.protein folding.protein 
folding catalyst (Cyclophilin)'   
xvis03_223454-pa protein folding catalyst 
(original description: 
processed-gene-3.78-mRNA-
1 protein Name:Similar to 
PCKR1 Peptidyl-prolyl cis-
trans isomerase (Catharanthus 
roseus) AED:0.02 eAED:0.02 
QI:0|-1|0|1|-1|1|1|0|173)'
 1.266422 
protein translocation.chloroplast.outer envelope 
insertion system.chaperone (AKR2) 
xvis03_217196-pa chaperone (AKR2) (original 
description: augustus-gene-
1.26-mRNA-1 protein 











transport.importin alpha adaptor proteins' 
xvis03_215434-pa importin alpha adaptor 
proteins (original description: 
augustus-gene-6.51-mRNA-1 
protein Name:Similar to 
Os01g0253300 Importin 
subunit alpha-1a (Oryza 






transport.GTpase activation accessory protein 
(RanBp1) 
xvis03_204022-pa GTPase activation accessory 
protein (RanBP1) (original 
description: processed-gene-
29.69-mRNA-1 protein 
Name:Similar to RANBP1C 
Ran-binding protein 1 





RNA processing.RNA chaperone activities.RNA 
chaperone (CSp)'   




Name:Similar to CSP4 Cold 
shock domain-containing 




RNA processing.RNA chaperone activities.RNA 
chaperone (CSp)'    
xvis03_223451-pa RNA chaperone (CSP) 
(original description: 
processed-gene-3.71-mRNA-
1 protein Name:Similar to 





RNA processing.RNA chaperone activities.RNA 
chaperone (RZ1|GR-RBp)'  
xvis03_215153-pa RNA chaperone (RZ1|GR-
RBP) (original description: 
augustus-gene-12.40-mRNA-
1 protein Name:Similar to 
RZ1B Glycine-rich RNA-







RNA processing.organelle machinery.RNA 
editing.RNA editing factor (MORF-type)' 
xvis03_221754-pa RNA editing factor (MORF) 
(original description: 
augustus-gene-1.62-mRNA-1 
protein Name:Similar to 
MORF1 Multiple organellar 






External stimuli response. temperature. Heat 
response.organellar chaperone (Clp-p|Clp-m)'
   




Name:Similar to CLPB3 
Chaperone protein ClpB3, 
mitochondrial (Oryza sativa 




External stimuli response.temperature.cold 
response.mRNA chaperone (CSD)'   




Name:Similar to CSP4 Cold 
shock domain-containing 




External stimuli response.temperature.cold 
response.mRNA chaperone (CSD)'   
xvis03_223451-pa mRNA chaperone (CSD) 
(original description: 
processed-gene-3.71-mRNA-
1 protein Name:Similar to 

























activities.phospholipase A2 (ppLA2-II)' 
  
xvis03_218200-pa phospholipase A2 (pPLA2-II) 
(original description: 
augustus-gene-6.42-mRNA-1 
protein Name:Similar to PLP1 
Patatin-like protein 1 (Oryza 




Lipid metabolism.lipid degradation.fatty acid 
degradation.core beta-oxidation.3-ketoacyl-CoA 
thiolase (KAT)'   
xvis03_216330-pa 3-ketoacyl-CoA thiolase 
(KAT) (original description: 
processed-gene-6.102-
mRNA-1 protein 
Name:Similar to PED1 3-






Lipid metabolism.lipid bodies-associated 




caleosin (original description: 
augustus-gene-4.54-mRNA-1 
protein Name:Similar to PXG 
Peroxygenase (Oryza sativa 





Table S3.7: List of the Bin names, id and description of the downregulated proteins at LRD 
 
BinName id Description 
photosynthesis.photophosphorylation.photosyst
em II.LHC-II complex.component LHCb1/2/3' 
xvis03_21972
2-pa 
component LHCb1/2/3 of LHC-II 
complex (original description: augustus-
gene-9.73-mRNA-1 protein 
Name:Similar to CAB36 Chlorophyll a-b 
binding protein 36, chloroplastic 
(Nicotiana tabacum) AED:0.36 
eAED:0.36 QI:240|1|1|1|1|1|2|393|264)' 
photosynthesis.photophosphorylation.photosyst
em II.LHC-II complex.component LHCb1/2/3' 
xvis03_22307
7-pa 
component LHCb1/2/3 of LHC-II 
complex (original description: processed-
gene-1.89-mRNA-1 protein 
Name:Similar to CAB13 Chlorophyll a-b 
binding protein 13, chloroplastic 
(Solanum lycopersicum) AED:0.07 
eAED:0.07 QI:182|1|1|1|1|1|4|188|263)' 
photosynthesis.photophosphorylation.photosyst
em II.LHC-II complex.component LHCb1/2/3' 
xvis03_22465
4-pa 
component LHCb1/2/3 of LHC-II 
complex (original description: processed-
gene-1.9-mRNA-1 protein Name:Similar 
to CAB21 Chlorophyll a-b binding 
protein 21, chloroplastic (Nicotiana 





em II.LHC-II complex.component LHCb4' 
xvis03_21271
1-pa 
component LHCb4 of LHC-II complex 
(original description: processed-gene-
16.130-mRNA-1 protein Name:Similar 
to LHCB4.2 Chlorophyll a-b binding 
protein CP29.2, chloroplastic 




em II.LHC-II complex.component LHCb5' 
xvis03_20233
6-pa 
component LHCb5 of LHC-II complex 
(original description: augustus-gene-
27.98-mRNA-1 protein Name:Similar to 
LHCB5 Chlorophyll a-b binding protein 
CP26, chloroplastic (Arabidopsis 
thaliana) AED:0.08 eAED:0.08 
QI:26|1|1|1|1|1|6|330|363)' 
photosynthesis.photophosphorylation.photosyst
em II.LHC-II complex.component LHCb6' 
xvis03_21730
1-pa 
component LHCb6 of LHC-II complex 
(original description: augustus-gene-
11.85-mRNA-1 protein Name:Similar to 
CAP10A Chlorophyll a-b binding protein 
CP24 10A, chloroplastic (Solanum 
lycopersicum) AED:0.00 eAED:0.00 
QI:77|1|1|1|1|1|2|315|254)' 
photosynthesis.photophosphorylation.photosyst
em II.pS-II complex.oxygen-evolving center 




component PsbO/OEC33 of PS-II 
oxygen-evolving center (original 
description: augustus-gene-3.73-mRNA-
1 protein Name:Similar to PSBO 
Oxygen-evolving enhancer protein 1, 




em I.LHC-I complex.component LHCa1' 
xvis03_22514
7-pa 
component LHCa1 of LHC-I complex 
(original description: augustus-gene-
0.41-mRNA-1 protein Name:Similar to 
CAB6A Chlorophyll a-b binding protein 
6A, chloroplastic (Solanum 
lycopersicum) AED:0.00 eAED:0.00 
QI:106|1|1|1|1|1|3|75|204)' 
photosynthesis.photophosphorylation.photosyst
em I.LHC-I complex.component LHCa1' 
xvis03_22582
9-pa 
component LHCa1 of LHC-I complex 
(original description: augustus-gene-
0.17-mRNA-1 protein Name:Similar to 
LHCA1 Chlorophyll a-b binding protein 




em I.LHC-I complex.component LHCa2' 
xvis03_20555
8-pa 
component LHCa2 of LHC-I complex 
(original description: augustus-gene-
14.7-mRNA-1 protein Name:Similar to 
CAB7 Chlorophyll a-b binding protein 7, 




em I.pS-I complex.component psaD' 
xvis03_20737
9-pa 
component PsaD of PS-I complex 
(original description: processed-gene-
13.65-mRNA-1 protein Name:Similar to 
157 
 
psaD Photosystem I reaction center 
subunit II, chloroplastic (Cucumis 
sativus) AED:0.32 eAED:0.32 QI:0|-
1|0|1|-1|1|1|0|274)' 
photosynthesis.photophosphorylation.photosyst
em I.pS-I complex.component psaF' 
xvis03_21601
4-pa 
component PsaF of PS-I complex 
(original description: processed-gene-
5.37-mRNA-1 protein Name:Similar to 
PSAF Photosystem I reaction center 
subunit III, chloroplastic (Arabidopsis 
thaliana) AED:0.24 eAED:0.24 QI:0|-
1|0|1|-1|1|1|0|232)' 
photosynthesis.photophosphorylation.photosyst
em I.pS-I complex.component psaH' 
xvis03_20531
9-pa 
component PsaH of PS-I complex 
(original description: processed-gene-
30.54-mRNA-1 protein Name:Similar to 
PSAH1 Photosystem I reaction center 
subunit VI-1, chloroplastic (Arabidopsis 
thaliana) AED:0.09 eAED:0.09 
QI:15|1|1|1|1|1|3|336|145)' 
photosynthesis.photophosphorylation.photosyst
em I.pS-I complex.component psaL' 
xvis03_20077
9-pa 
component PsaL of PS-I complex 
(original description: processed-gene-
89.11-mRNA-1 protein Name:Similar to 
PSAL Photosystem I reaction center 
subunit XI, chloroplastic (Spinacia 




transketolase (original description: 
processed-gene-21.50-mRNA-1 protein 
Name:Similar to Transketolase, 





transketolase (original description: 
processed-gene-2.79-mRNA-1 protein 
Name:Similar to Transketolase, 










7.121-mRNA-1 protein Name:Similar to 
ADG2 Glucose-1-phosphate 
adenylyltransferase large subunit 1, 









granule-bound starch (amylose) synthase 
(original description: augustus-gene-
0.18-mRNA-1 protein Name:Similar to 
WAXY Granule-bound starch synthase 1, 
chloroplastic/amyloplastic (Antirrhinum 









transketolase (original description: 
processed-gene-21.50-mRNA-1 protein 
Name:Similar to Transketolase, 
chloroplastic (Solanum tuberosum) 
AED:0.17 eAED:0.17 
QI:154|0.85|0.75|1|1|1|8|0|716)' 





transketolase (original description: 
processed-gene-2.79-mRNA-1 protein 
Name:Similar to Transketolase, 









pyruvate orthophosphate dikinase 
(original description: processed-gene-
109.26-mRNA-1 protein Name:Similar 
to PPD Pyruvate, phosphate dikinase, 
chloroplastic (Mesembryanthemum 
crystallinum) AED:0.09 eAED:0.09 
QI:8|1|1|1|0.89|0.9|20|257|985)' 





UDP-L-arabinose mutase (original 
description: processed-gene-2.16-mRNA-
1 protein Name:Similar to UAM1 UDP-
arabinopyranose mutase 1 (Oryza sativa 
subsp. japonica) AED:0.08 eAED:0.08 
QI:87|1|1|1|1|1|4|347|359)' 
protein homeostasis.ubiquitin-proteasome 
system.26S proteasome.20S core particle.beta-
type components.component beta type-5' 
xvis03_21168
9-pa 
component beta type-5 of 26S 
proteasome (original description: 
processed-gene-6.93-mRNA-1 protein 
Name:Similar to Proteasome subunit beta 
type-5 (Spinacia oleracea) AED:0.07 
eAED:0.07 QI:0|1|0.87|1|1|1|8|489|310)' 
protein homeostasis.proteolysis.cysteine-type 




asparaginyl endopeptidase (Legumain) 
(original description: processed-gene-
9.25-mRNA-1 protein Name:Similar to 
Vacuolar-processing enzyme (Citrus 
sinensis) AED:0.07 eAED:0.07 
QI:3|1|1|1|1|1|9|417|590)' 
protein homeostasis.proteolysis.serine-type 




S28-class serine carboxypeptidase 
(original description: augustus-gene-
4.97-mRNA-1 protein Name:Similar to 
EDA2 Probable serine protease EDA2 










M1 neutral/aromatic-hydroxyl amino 
acid aminopeptidase (original 
description: augustus-gene-7.64-mRNA-
1 protein Name:Similar to 
Os08g0562700 Puromycin-sensitive 
aminopeptidase (Oryza sativa subsp. 










ascorbate peroxidase (APX) (original 
description: processed-gene-11.33-
mRNA-1 protein Name:Similar to APX1 
L-ascorbate peroxidase, cytosolic (Pisum 
sativum) AED:0.17 eAED:0.17 
QI:131|1|1|1|1|1|7|558|249)' 







(MDAR) (original description: 
processed-gene-9.15-mRNA-1 protein 
Name:Similar to AFRR 
Monodehydroascorbate reductase 
(Solanum lycopersicum) AED:0.13 
eAED:0.13 
QI:138|0.72|0.83|0.83|1|1|12|368|489)' 
Redox homeostasis.hydrogen peroxide 
removal.ascorbate-glutathione 
cycle.glutathione reductase (GR)' 
xvis03_20510
2-pa 
glutathione reductase (GR) (original 
description: processed-gene-9.15-mRNA-
1 protein Name:Similar to GOR 
Glutathione reductase, chloroplastic 





ation and degradation.pectin methylesterase' 
xvis03_21707
4-pa 
pectin methylesterase (original 
description: processed-gene-2.49-mRNA-
1 protein Name:Similar to PME35 
Probable pectinesterase/pectinesterase 









beta-galactosidase (BGAL) (original 
description: processed-gene-2.106-
mRNA-1 protein Name:Similar to Beta-





biosynthesis.biosynthetic protein (Thi4)' 
xvis03_21228
0-pa 
biosynthetic protein (Thi4) (original 
description: processed-gene-6.79-mRNA-
1 protein Name:Similar to THI1-2 
Thiamine thiazole synthase 2, 









geranylgeranyl reductase (ChlP) (original 
description: augustus-gene-7.23-mRNA-
1 protein Name:Similar to CHLP 
Geranylgeranyl diphosphate reductase, 




synthetase activities.alanine-tRNA ligase' 
xvis03_22467
2-pa 
alanine-tRNA ligase (original 
description: processed-gene-1.89-mRNA-
1 protein Name:Similar to ALATS 
Alanine--tRNA ligase (Arabidopsis 





synthetase activities.aspartate-tRNA ligase' 
xvis03_20572
4-pa 
aspartate-tRNA ligase (original 
description: processed-gene-33.32-
mRNA-1 protein Name:Similar to IBI1 
Aspartate--tRNA ligase 2, cytoplasmic 





To further identify the X. schlechteri proteins and enzymes involved in biological pathways 
that are active in response to dehydration stress, our proteomic data was analysed using KEGG-
Kyoto Encyclopaedia of Genes and Genomes (Kanehisa and Goto, 2000). A total of 3125 
protein sequences were mapped to KEGG pathways and a total of 47 maps were identified 
(Supplementary Table S3.8). Only pathways with large numbers of proteins mapped to 
pathways were analysed further. Several biological pathways were shown to contain proteins 
from the X. schlechteri dataset (Figure S3.7). The data obtained from the KEGG pathway 
analysis was also supplemented by the Blast2GO and MapMan results. 
Table S3.8: List of pathways, enzymes and corresponding X. schlechteri sequences across the 
drying stages. 
Pathway #Enzs in 
Pathway 
Enzyme Sequences 
Biosynthesis of antibiotics 6 ec:2.5.1.47 - synthase, ec:4.3.1.17 - 
L-serine ammonia-lyase, ec:4.2.1.3 
- hydratase, ec:2.7.1.1 - hexokinase 
type IV glucokinase, ec:4.2.1.46 - 








Glycine, serine and 
threonine metabolism 
5 ec:5.1.1.10 - racemase, ec:4.3.1.17 
- ammonia-lyase, ec:4.3.1.18 - 
ammonia-lyase, ec:5.1.1.18 - 









Purine metabolism 3 ec:3.6.1.3 - 
adenylpyrophosphatase, ec:3.6.1.15 












Galactose metabolism 3 ec:2.4.1.67 - galactosyltransferase, 
ec:2.7.1.1 - hexokinase type IV 





Amino sugar and 
nucleotide sugar 
metabolism 
3 ec:2.7.1.1 - hexokinase type IV 
glucokinase, ec:4.1.1.35 - 





Cysteine and methionine 
metabolism 
3 ec:5.1.1.10 - racemase, ec:2.5.1.47 









Thiamine metabolism 2 ec:3.6.1.15 - phosphatase, 






Starch and sucrose 
metabolism 
2 ec:2.7.1.1 - hexokinase type IV 




Streptomycin biosynthesis 2 ec:2.7.1.1 - hexokinase type IV 




Porphyrin and chlorophyll 
metabolism 
2 ec:1.1.1.294 - b reductase, 
ec:6.6.1.1 - chelatase 
Xvis03_208904-PA, 
Xvis03_204983-PA 
Fructose and mannose 
metabolism 
2 ec:2.7.1.1 - hexokinase type IV 




D-Arginine and D-ornithine 
metabolism 
1 ec:5.1.1.10 - racemase Xvis03_216310-PA 
Glyoxylate and 
dicarboxylate metabolism 
1 ec:4.2.1.3 - hydratase Xvis03_202628-PA 
Glycolysis / 
Gluconeogenesis 
1 ec:2.7.1.1 - hexokinase type IV 
glucokinase 
Xvis03_212683-PA 
Tryptophan metabolism 1 ec:2.3.1.87 - N-acetyltransferase Xvis03_217143-PA 
Lysine degradation 1 ec:2.3.1.32 - N-acetyltransferase Xvis03_217143-PA 
Sulfur metabolism 1 ec:2.5.1.47 - synthase Xvis03_208884-PA 
162 
 
Caffeine metabolism 1 ec:2.3.1.5 - N-acetyltransferase Xvis03_217143-PA 
Neomycin, kanamycin and 
gentamicin biosynthesis 





1 ec:2.4.1.198 - N-
acetylglucosaminyltransferase 
Xvis03_200985-PA 
Glycerolipid metabolism 1 ec:3.1.3.4 - phosphatase Xvis03_203349-PA 
Fatty acid elongation 1 ec:1.1.1.330 - 3-oxoacyl-CoA 
reductase 
Xvis03_202071-PA 
Nitrotoluene degradation 1 ec:2.3.1.5 - N-acetyltransferase Xvis03_217143-PA 
Methane metabolism 1 ec:3.1.3.3 - phosphatase Xvis03_208169-PA 
Ether lipid metabolism 1 ec:3.1.3.4 - phosphatase Xvis03_203349-PA 
Biosynthesis of unsaturated 
fatty acids 
1 ec:1.1.1.330 - 3-oxoacyl-CoA 
reductase 
Xvis03_202071-PA 
One carbon pool by folate 1 ec:6.3.3.2 - cyclo-ligase Xvis03_201379-PA 
Phenylalanine metabolism 1 ec:5.3.2.1 - tautomerase Xvis03_205857-PA 
Sphingolipid metabolism 1 ec:3.1.3.4 - phosphatase Xvis03_203349-PA 
Tyrosine metabolism 1 ec:5.3.2.1 - tautomerase Xvis03_205857-PA 
D-Glutamine and D-
glutamate metabolism 
1 ec:5.1.1.10 - racemase Xvis03_216310-PA 
Oxidative phosphorylation 1 ec:1.6.99.3 - dehydrogenase Xvis03_200831-PA 
Biosynthesis of vancomycin 
group antibiotics 
1 ec:4.2.1.46 - 4,6-dehydratase Xvis03_210031-PA 
Glycerophospholipid 
metabolism 
1 ec:3.1.3.4 - phosphatase Xvis03_203349-PA 
Inositol phosphate 
metabolism 
1 ec:3.1.3.62 - inositol-
polyphosphate phosphatase 
Xvis03_210451-PA 
Polyketide sugar unit 
biosynthesis 
1 ec:4.2.1.46 - 4,6-dehydratase Xvis03_210031-PA 
Carbon fixation pathways in 
prokaryotes 
1 ec:4.2.1.3 - hydratase Xvis03_202628-PA 
Drug metabolism - other 
enzymes 
1 ec:2.3.1.5 - N-acetyltransferase Xvis03_217143-PA 
Citrate cycle (TCA cycle) 1 ec:4.2.1.3 - hydratase Xvis03_202628-PA 
163 
 
Acarbose and validamycin 
biosynthesis 






Figure S3.2: Representation of the 42 biological pathways assigned to X. schlechteri proteins by 
KEGG (retrieved by Blast2GO). The X-axis indicates the number of proteins associated with each 




A general overview of the KEGG data (Figure S 3.7) shows that several pathways were 
involved in amino acid metabolism, organic compounds and sugar metabolism. The pathways 
containing the highest number of enzymes were biosynthesis of antibiotics, glycine, serine and 
threonine metabolism, purine metabolism, galactose metabolism, amino sugar and nucleotide 
sugar metabolism, cysteine and methionine metabolism, riboflavin metabolism, thiamine 
metabolism, starch and sucrose metabolism, streptomycin biosynthesis, porphyrin and 
chlorophyll metabolism and fructose and mannose metabolism. A number of these pathways 
were found to be involved in sugar regulation such as fructose and mannose metabolism and 
starch and sucrose metabolism. Apart from sugars, many resurrection plants also accumulate 
amino acids (Tymms and Gaff, 1978; Gaff and McGregor, 1979; Oliver et al., 2011a), some 
of which serve as osmoprotectants (Kido et al., 2013). Metabolism of amino acids and 
nucleotides are also closely related to sugar metabolism (Gaff and McGregor, 1979). 
Understanding the function of these enzymes and pathways could help elucidate the 
mechanisms whereby X. schlechteri adapts and tolerates desiccation stress. Only pathways with 
high numbers of proteins and that are known to play a pivotal role in plant stress responses will 
be briefly discussed below. 
 
Biosynthesis of antibiotics pathway 
As plants are restricted to their place of germination, they are highly dependent on their 
capability to produce chemical signals to protect, promote tolerance and resistance against 
stressful conditions such as drought and disease respectively. The enzymes (Supplementary 
Table S3.9 and Figure S3.3) involved in the biosynthesis of antibiotic pathway were synthase 
(EC:2.5.1.47), ammonia-lyase (EC:4.3.1.17), hydratase (EC:4.2.1.3), hexokinase type IV 
glucokinase (EC:2.7.1.1), 4,6-dehydratase (EC:4.2.1.46), phosphatase (EC:3.1.3.3). While 
these enzymes participate in antibiotic formation, but in some instance, they also participate in 
protection against stresses associated with water loss.  
Synthase (EC:2.5.1.47) is a reduced sulfur donor molecule that is involved in the synthesis of 
defence compounds and essential biomolecules (Romero et al., 2014). It was also reported to 
play a role in redox signalling which occurs in various cellular compartments (Romero et al., 
2014). Hexokinases catalyse the conversion of glucose and to a lesser degree fructose using 
ATP, resulting in hexose monophosphates (Doehlert, 1989; Schnarrenberger, 1990; Renz and 
Stitt, 1993). Previous studies suggest that hexokinase is predominantly located in the cytoplasm 
or the outer envelope of the chloroplast (Baldus et al., 1981; Schnarrenberger, 1990; Wiese et 
al., 1999). The reactions catalysed by hexokinase are thought to be important during 
dehydration as there is an increase in hexokinase activity during dehydration where the reaction 
catalysed by hexokinase is a vital step regulating the entry of hexose sugars for biosynthesis 





Glycine, serine and threonine metabolism 
Glycine, serine and threonine metabolism (Supplementary Table S3.10 and Figure S3.4) are 
important to protein biosynthesis and participate in the syntheses of several other important 
metabolites. In this study, the enzymes involved were racemase (EC:5.1.1.10), ammonia-lyase 
(EC:4.3.1.17), phosphatase (EC:3.1.3.3). Therefore, changes in the regulation of these amino 
acids could potentially affect overall metabolic processes in plant tissue (Yang et al., 2019). 
Glycine has been reported as an amino acid which promotes the absorption of phosphorous, 
promotes plant growth and improves plant stress resistance (Wagstaff et al., 2002). 
 
Table S3.9: List of enzymes and corresponding X. schlechteri sequences involved in the biosynthesis 








Table S3.10: List of enzymes and corresponding X. schlechteri sequences involved in the glycine, 











Supplementary Material-Chapter 4 
 
 
Figure S4.1: Representation of glutamine and glutamate metabolism generated in KEGG 
 
Table S4.2: Overview of the KEGG pathways with high numbers of X. schlechteri proteins 
and that are known to play a role in plant stress responses and the metabolites associated with 
the pathways. 
Proteome and pathways1 Metabolome2 
 













Purine metabolism Glycine 
Histidine 






Amino sugar and nucleotide sugar metabolism Fructose 
Mannose  
Glucose 






Thiamine metabolism Glycine 
Tyrosine 
Starch and sucrose metabolism Fructose 
Sucrose 
Glucose 
Streptomycin biosynthesis Glucose 
Myo-inositol 
Porphyrin and chlorophyll metabolism Glycine 
Threonine 




1Plant stress response pathways identified from the X. schlechteri proteomic dataset using KEGG pathway analyses (see 
Supplementary Chapter 3, Figure S 3.2). 
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